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ABNORMAL RESPIRATION DETECTION
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450
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TO DETECT ABNORMAL RESPIRATION
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IDENTIFY INDIVIDUAL RESPIRATORY CYCLES (FIG. 19)

802

DETECT RESPIRATORY PARAMETERS ASSOCIATED WITH INDIVIDUAL
RESPIRATORY CYCLES (FIG. 23)

DETECT ANY SIGNIFICANT CHANGES IN THE RESPIRATORY
PARAMETERS (FIG. 25)

806
EVALUATE THE CHANGES TO DETECT ABNORMAL RESPIRATION

(FIG. 26)
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ABNORMAL RESPIRATION DETECTION WITH A PATTERN CLASSIFIER.
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ABNORMAL RESPIRATION DETECTION WITH A PATTERN CLASSIFIER:
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SYSTEM AND METHOD FOR DETECTING
ABNORMAL RESPIRATION BASED ON
INTRACARDIAC ELECTROGRAM SIGNALS
USING A PATTERN RECOGNITION DEVICE

CROSS REFERENCES TO RELATED
APPLICATIONS

This application 1s a continuation-in-part (CIP) of U.S.
patent application Ser. No. 11/416,317, filed May 1, 2006,
entitled “System And Method For Detecting Abnormal Res-
piration Via Respiratory Parameters Derived From Intracar-
diac Electrogram Signals”, which was a CIP of U.S. patent
application Ser. No. 11/127,389, filed May 11, 2003, entitled
“System and Method for Detection of Respiration Patterns
via Intracardiac Electrogram Signals™, which claimed the
benefit of U.S. Provisional Patent Application Ser. No.
60/631,111, filed Nov. 24, 2004. This application 1s also
related to co-pending U.S. patent application Ser. No. 11/558,
787, filed contemporaneously herewith, entitled “System and
Method for Detecting Physiologic States Based on Intracar-
diac Electrogram Signals while Distinguishing Cardiac
Rhythm Types”. Each of these applications 1s incorporated by
reference herein.

FIELD OF THE INVENTION

The mvention generally relates to implantable medical
devices, such as pacemakers or implantable cardioverter/
defibrillators (ICDs), and in particular, to techniques for
detecting respiration patterns within a patient 1n which a
medical device 1s implanted, including abnormal respiration
patterns such as apnea, hypopnea or nocturnal asthma.

BACKGROUND OF THE INVENTION

It 1s highly desirable to reliably track respiration within
patients having pacemakers and ICDs. Tracking patient res-
piration permits potentially dangerous respiratory disorders,
such as apnea, hypopnea, hyperpnea, nocturnal asthma, and
Cheyne-Stokes Respiration (CSR), to be detected. Apnea and
hypopnea are abnormal respiration patterns characterized by
periods of significantly reduced respiration. With hypopnea,
respiration 1s reduced but still present. With apnea, however,
respiration may cease completely for 10 seconds or longer.
One common form of apnea 1s central sleep apnea (CSA),
which appears to arise during sleep due to a neurological
defect. Another form of apnea i1s obstructive sleep apnea
(OSA), which arises due to obstruction of the respiratory
pathways during sleep. Patients with sleep apnea experience
frequent wakefulness at night and excessive sleepiness during
the day. In addition, apnea can exacerbate various medical
conditions, particularly hypertension. Apnea can also exac-
erbate congestive heart failure (CHF), a condition wherein the
patient suifers from poor cardiac function. Indeed, the aber-
rant blood chemistry levels occurring during sleep apnea are
a significant problem for patients with CHF. Due to poor
cardiac function caused by CHF, patients already suiler from
generally low blood oxygen levels. Frequent periods of sleep
apnea result in even lower blood oxygen levels.

Episodes of apnea can also occur during CSR, which 1s an
abnormal respiratory pattern often occurring in patients with
CHEF. CSR 1s characterized by alternating periods of hypop-
nea and hyperpnea (1.e. fast, deep breathing.) Briefly, CSR
arises principally due to a time lag between blood CO, levels
sensed by the respiratory control nerve centers of the brain

and the blood CO, levels. With CHF, poor cardiac function

10

15

20

25

30

35

40

45

50

55

60

65

2

results 1 poor blood flow to the brain such that respiratory
control nerve centers respond to blood CO,, levels that are no
longer properly representative of the overall blood CO, levels
in the body. Hence, the respiratory control nerve centers
trigger an increase in the depth and frequency of breathing in
an attempt to compensate for percerved high blood CO, lev-
els—although the blood CO, levels have already dropped. By
the time the respiratory control nerve centers detect the drop
in blood CO, levels and act to slow respiration, the blood CO,
levels have already increased. This cycle becomes increas-
ingly unbalanced until respiration alternates between hypop-
nea and hyperpnea. The periods of hypopnea often become
suificiently severe that no breathing occurs between the peri-
ods of hyperpnea, 1.¢. periods of frank apnea occur between
the periods of hyperpnea. The wildly fluctuating blood chem-
1stry levels caused by alternating between hyperpnea and
apnea/hypopnea can significantly exacerbate CHF and other
medical conditions. When CHF 1s still mild, CSR usually
occurs, 1f at all, only while the patient 1s sleeping. When 1t
becomes more severe, CSR can occur while the patient 1s
awake.

Abnormal respiration during sleep may also arise due to
nocturnal asthma. With asthma, the linings of the airrways
swell and become more mflamed. Mucus clogs the airways
and the muscles around the airways tighten and narrow.
Hence, breathing becomes difficult and stresstul. During an
asthma attack, rapid breathing patterns similar to hyperpnea
occur, though little or no oxygen actual reaches the lungs. An
asthma attack may be triggered by allergens, respiratory
infections, cold and dry air, or even heartburn. The majority of
asthma attacks occur during the night, between 3:00 a.m. and
5:00 a.m. Nocturnal asthma has been associated with factors
such as decreased pulmonary function, hypoxemia and circa-
dian variations of histamine, epinephrine, and cortisol con-
centrations. Asthma attacks at night may also be triggered
directly by sleep apnea. Nocturnal asthma attacks may be
tatal, particularly within patients also suffering from CHF.

In view of the significant adverse consequences of apnea/
hypopnea, nocturnal asthma, or CSR, particularly insofar as
patients with CHF are concerned, it 1s highly desirable to
provide techniques for detecting such conditions. Tracking
actual patient respiration provides perhaps the most direct
and effective technique for detecting respiratory disorders.
For patients with pacemakers and ICDs, respiration 1s con-
ventionally tracked based on thoracic impedance as measured
via pacing/sensing leads implanted within the heart. Sensing
of the intracardiac electrogram (IEGM) of the patient 1s tem-
porarily suspended during each cardiac cycle so as to sense an
impedance signal, from which respiration patterns are
derived. See, for example, U.S. Pat. No. 6,449,509 to Park, et
al., entitled “Implantable Stimulation Device Having Syn-
chronous Sampling for a Respiration Sensor.”

Although impedance-based techniques are usetul, 1t would
be desirable to provide alternative techniques for tracking
respiration, particularly for the purposes of detecting epi-
sodes of abnormal respiration, wherein respiration 1s derived
solely from the IEGM signal so as to eliminate the need to
detect or process impedance. Additionally, this eliminates
need for additional sensors, and the sensing electrodes can be
thus used for IEGM based breathing pattern detection and
hence, the ease of implementability 1n current platforms. One
technique for deriving respiration from an IEGM signal 1s set
forth in U.S. Pat. No. 6,697,672 to Andersson, entitled
“Implantable Heart Stimulator”, which 1s incorporated by
reference herein. Briefly, Andersson provides a technique to
extract parameters related to patient respiration from an
analysis of intervals between various events detected within a
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ventricular-IEGM (1.e. V-IEGM) signal. For example, cycle-
to-cycle variability 1s tracked 1n R-R 1ntervals or in the ampli-
tude of S-T 1ntervals. In other words, the technique of Ander-
sson exploits interval-based morphological features of the
V-IEGM to track respiration. Although not discussed in the
Andersson reference, autonomic variability arising during
respiration causes the interval-based changes in the IEGM.
R-waves (also referred to as QRS-complexes) are electrical
signals representative of the depolarization of ventricular
muscle tissue. The subsequent electrical repolarization of the
ventricular tissue appears within the IEGM as a T-wave.
Electrical depolarization of atrial muscle tissue 1s manifest as
a P-wave. Strictly speaking, P-waves, R-waves and T-waves
are features of a surface electrocardiogram (EKG or ECG).
For convenience, the terms P-wave, R-wave and T-wave are
also used herein (and in the literature) to refer to the corre-
sponding 1nternal signal component.

Although the interval-based wvariability technique of
Andersson 1s effective, it 1s desirable to provide additional or
alternative IEGM-based techniques for trending and tracking
respiration and for detecting episodes of abnormal respira-
tion. This general goal was achieved by the techniques of
patent application Ser. No. 11/127,389, cited above. Brietly,
respiration patterns are detected based upon cycle-to-cycle
changes 1n morphological features associated with individual
electrical events with the IEGM signals. For example, slight
changes 1n the peak amplitudes of QRS-complexes, P-waves
or T-waves are tracked to 1dentify cyclical variations repre-
sentative of patient respiration. Alternatively, the integrals of
the morphological features of the individual events may be
calculated for use in tracking respiration. Once respiration
patterns have been 1dentified, episodes of abnormal respira-
tion, such as apnea, hyperpnea, nocturnal asthma, or the like,
may be detected and therapy automatically delivered.

Hence, the techniques of patent application Ser. No.
11/127,389, which are also described herein below, are not
limited to analyzing interval-based features of a V-IEGM, as
with certain predecessor techniques. Instead, the techniques
of the parent application examine changes within individual
teatures of cardiac cycles over time. In this regard, 1t has been
observed that respiration causes slight variations 1n the size
and shape of individual electrical events of the IEGM signals,
such as QRS-complexes, and that those changes are corre-
lated with respiration. This differs from changes 1n intervals
(such as R-R intervals), which, as noted, appear to arise due to
autonomic variability. In one specific example, changes 1n the
integrals of the QRS-complex dertved from a V-IEGM chan-
nel signal are examined, alone or 1n combination with, inte-
grals of P-waves derived from an atrial IEGM (A-IEGM)
channel signal. Interval-based parameters, such as variations
in A-A, R-R or AV intervals, may be additionally used to aid
in tracking respiration but are not required. That predecessor
application also presented techniques for detecting episodes
ol abnormal respiration based on respiration patterns derived
from IEGMSs, such as episodes of such as apnea, hypopnea,
nocturnal asthma, or CSR.

Patent application Ser. No. 11/416,317 provided further
improvements in the area of abnormal respiration detection
based on IEGM signals. These improvements, which are also
described herein below, are particularly directed to exploiting
respiratory parameters such as inter-breath interval, respira-
tion depth, and respiration power 1n the detection of abnormal
respiration, with each of the respiratory parameters conve-
niently derived from IEGM signals. These techniques are
particularly well suited to detecting episodes of abnormal
respiration during sleep. In this regard, normal respiration
during sleep 1s characterized by an almost constant respira-
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tion depth (corrected for patient posture and other non-respi-
ratory factors). Hence, significant changes in respiration
depth or other parameters associated with the respiratory
cycles are indicative of a transition from normal respiration to
some form of abnormal respiration. Further analysis of the
respiratory parameters 1s used to 1dentify the particular form
of abnormal respiration. The technique can also be used to
track and trend sleep disorder breathing or, in general, disor-
dered breathing. Depending upon the capabilities of the
implanted device, appropnate therapy may then be delivered.
For example, an alarm device may be triggered to alert the
patient upon detection of an episode of apnea/hypopnea. The
alarm device may be, e.g., an implanted device such as a
“tickle” voltage warning device or a bedside warning system
that emits an audible alarm. In this manner, 1f the patient 1s
asleep, the patient 1s thereby awakened so as to prevent
extended episodes of apnea/hypopnea from occurring, which
can cause significant variances i blood chemistry that can
exacerbate other medical conditions such as CHF.

Although the techniques of the predecessor applications
cited above are quite usetul, room for still further improve-
ment remains. In particular, it would be desirable to exploit
pattern classifiers (such as pattern classifiers of the type
described 1n U.S. Pat. No. 7,025,729 to de Chazal, et al.,
entitled “Apparatus for Detecting Sleep Apnea using Electro-
cardiogram Signals™) to discriminate normal and abnormal
respiration based on IEGM signals detected by an implant-
able medical device. It would also be desirable to evaluate the
severity of abnormal respiration within a patient and to fur-
ther discriminate different types of abnormal respiration,
such as to discriminate CSA from OSA. Accordingly, various
aspects of the present invention are directed to these ends.

SUMMARY

In one embodiment, a method 1s provided for detecting
abnormal respiration within a patient using an implantable
medical device. IEGM signals (or other cardiac electrical
signals) are sensed within the patient 1n which the device 1s
implanted. Cardiac cycles (i.e. heartbeats) are identified
within the IEGM signals. Then, one or more parameters asso-
ciated with the cardiac cycles are detected or extracted from
the cardiac cycles. Such parameters may include morphol-
ogy-based metrics such as various integrals, as well as inter-
val-based metrics such P-P, R-R, and P-R intervals. Abnormal
respiration 1s then detected by applying the parameters of the
cardiac cycles to a device trained to discriminate between
normal and abnormal respiration such as a pattern classifier.
In one particular example, the pattern classifier 1s a 2-class
linear discriminant pattern classifier trained to discriminate
between normal and apneic/hypopneic respiration. In another
example, the pattern classifier 1s a 3-class pattern classifier
trained to further discriminate between CSA and OSA. Addi-
tionally, the pattern classifier may be configured to output an
indication of the severity of abnormal respiration within the
patient. In certain preferred implementations, the pattern
classifier1s trained to determine whether the patient 1s subject
to apnea’hypopnea but does not specifically identily indi-
vidual episodes of apnea’hypopnea. Diagnostic data 1s
recorded for physician review, which indicates that the patient
1s apneic/hypopneic. In other implementations, the pattern
classifier 1s instead trained to 1dentity individual episodes of
apnea/hypopnea. If an individual episode of abnormal respi-
ration 1s detected, the implanted device might then generate
warning signals and/or deliver appropriate therapy, as well as
recording diagnostic data for subsequent physician review.
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In some embodiments, the device further distinguishes
among four different cardiac rhythms: AR (paced atrial beats/
intrinsic ventricular beats); AV (paced atrial beats/paced ven-
tricular beats); PR (intrinsic atrial beats/intrinsic ventricular
beats); and PV (intrinsic atrial beats/paced ventricular beats).
That 1s, the device determines which of the four basic cardiac
rhythm types 1s currently occurring within the patient. The
device extracts different morphological and interval-based
parameters depending upon the current rhythm type. One of
four different pre-trained pattern classifiers 1s then activated
to discriminate normal from abnormal respiration using the
extracted parameters. Thus, 11 the patient 1s undergoing fully
intrinsic (1.e. PR) cardiac rhythms, the pattern classifier spe-
cifically trained for use with PR rhythms 1s used to detect
abnormal respiration. If the patient 1s instead undergoing
tully paced (1.e. AV) cardiac rhythms, the pattern classifier
specifically trained for use with AV rhythms 1s instead used to
detect abnormal respiration, etc. Alternatively, a single pat-
tern classifier 1s 1instead used, which 1s loaded with different
classifier parameters depending upon the current cardiac

rhythm. In any case, improved respiratory discrimination can
be achieved by taking into account cardiac rhythm type.

Thus, by employing a pattern classifier or other properly
trained pattern recognition device or algorithm, improve-
ments 1n abnormal respiration detection and discrimination
can be achieved. These improvements are preferably imple-
mented within implantable medical devices to permit the
device itself to detect episodes of abnormal respiration and
record appropriate diagnostics. However, principles of the
invention are also applicable to external devices when used 1n
conjunction with implanted devices. For example, an external
programmer device may be equipped to detect abnormal res-
piration within a patient based on IEGM data sensed by a
device implanted within the patient and sent via telemetry to
the programmer for processing.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further features, advantages and benefits of
the mvention will be apparent upon consideration of the
descriptions herein taken 1n conjunction with the accompa-
nying drawings, 1n which:

FIG. 1 illustrates pertinent components of an implantable
medical system having a pacer/ICD capable of: tracking res-
piration patterns based on IEGM signals detected via leads
mounted 1n the heart; detecting episodes of abnormal respi-

ration based on the respiration patterns; and delivering
therapy or warning signals in response thereto;

FI1G. 2 1s a flow chart providing an overview of the method
for tracking respiration patterns based on IEGM signals,
which may be performed by the system of FIG. 1;

FIG. 3 1s a flow chart specifically illustrating depolariza-
tion-based respiration detection techmiques, which may be
performed by the system of FIG. 1;

FIG. 4 1s a graph illustrating exemplary unipolar IEGM
patterns and resulting respiration patterns derived from an

analysis of the integrals of QRS complexes generated via the
method of FIG. 3;

FIG. 5 1s a graph 1llustrating exemplary unipolar IEGM
patterns (shown superimposed on one another) and resulting,
respiration patterns derived from an analysis of the integrals
of QRS-complexes generated via the method of FIG. 3;

FIG. 6 1s a graph illustrating respiration patterns derived
from an analysis of the peak-to-peak amplitudes of P-waves
generated via the method of FIG. 3;
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FIG. 7 1s a graph illustrating respiration patterns derived
from an analysis of the peak-to-peak amplitudes of intrinsic
QRS-complexes generated via the method of FIG. 3;

FIG. 8 1s a flow chart specifically illustrating repolariza-
tion-based respiration detection techniques, which may be
performed by the system of FIG. 1;

FIG. 9 1s a graph 1llustrating exemplary unipolar ventricle
paced IEGM patterns and resulting respiration patterns
derived from an analysis of the integrals of T-waves generated
via the method of FIG. 8;

FIG. 10 1s a graph 1llustrating exemplary unipolar intrinsic
Ventricular IEGM patterns (shown superimposed on one
another) and resulting respiration patterns dertved from an
analysis of the integrals of T-waves generated via the method
of FIG. 8:

FIG. 11 1s a graph 1llustrating respiration patterns derived
from an analysis of the peak-to-peak amplitudes of T-waves
generated via the method of FIG. 8;

FIG. 12 1s a graph 1llustrating respiration patterns derived
from an analysis of the maximum amplitudes of T-waves
generated via the method of FIG. 8;

FIG. 13 1s a flow chart specifically illustrating interval-
based respiration detection techniques, which may be per-
formed by the system of FIG. 1;

FIG. 14 1s a flow chart 1illustrating abnormal respiration
detection techniques, which may be performed by the system
of FIG. 1, based on respiration patterns detecting using the
techniques of FIGS. 2-13;

FIG. 15 1s a graph 1llustrating a sixteen hour respiration
pattern dertved from an analysis of the maximum amplitudes
of T-waves for use 1n i1dentifying trends for use with the
method of FIG. 14;

FIG. 16 1s a ssmplified, partly cutaway view, 1llustrating the
pacer/ICD of FIG. 1 along with a complete set of leads
implanted in the heart of a patient;

FIG. 17 1s a functional block diagram of the pacer/ICD of
FIG. 16, illustrating basic circuit elements that provide car-
dioversion, defibrillation and/or pacing stimulation 1n four
chambers of the heart and particularly 1llustrating an IEGM-
based respiration pattern detector, an IEGM-based abnormal
respiration episode detector, and an abnormal respiration
therapy controller; and

FIG. 18 1s a flow chart providing an overview of improved
methods for detecting abnormal respiration patterns, which
may be performed in furtherance of the techniques o F1G. 14;

FIG. 19 1s a tlow chart illustrating exemplary steps directed
to 1dentitying individual respiratory cycles i accordance
with the technique of FIG. 18;

FIG. 20 15 a graph illustrating an exemplary cardiac cycle
and particularly illustrating historical ranges of values for the
T-wave that may used 1n connection with the techniques of
FIG. 19 to extract temporal and morphological parameters;

FIG. 21 1s a graph illustrating an exemplary distribution of
paced depolarization (PDI) values that may be analyzed via
the techniques of FIG. 19 to reject fused beats;

FIG. 22 1s a graph 1llustrating exemplary cardiac cycles and
various parameters derived therefrom via the techniques of
FIG. 19, along with externally-derived signals representative
of patient respiration for comparison;

FI1G. 23 1s a tlow chart illustrating exemplary steps directed
to 1dentifying detecting parameters associated with 1ndi-
vidual respiratory cycles 1n accordance with the technique of
FIG. 18;

FIG. 24 15 a graph illustrating exemplary respiratory cycle
parameters that may be analyzed via the techniques of FIG.
19, along with externally-derived signals representative of
patient respiration for comparison;
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FIG. 25 1s a flow chart 1llustrating exemplary steps directed
to detecting significant changes 1n the respiratory parameters
in accordance with the technique of FI1G. 18;

FI1G. 26 1s a flow chart 1llustrating exemplary steps directed
to evaluating the significant changes to detect abnormal res-
piration in accordance with the technique of FIG. 18;

FI1G. 27 1s a tlow chart summarizing the overall abnormal
respiration detection procedures of FIGS. 18-26;

FI1G. 28 1s a tlow chart providing an overview of abnormal
respiration detection techniques that exploit pattern classifi-
ers, and which may be implemented by implantable devices
such as the pacer/ICD of FIG. 1;

FIG. 29 1s a flow chart 1llustrating a first exemplary tech-
nique for detecting abnormal respiration 1n accordance with
the general technique of FIG. 28, wherein a 3-class pattern
classifier 1s trained to discriminate among normal respiration,
CSA and OSA;

FIG. 30 1s a flow chart further illustrating the first exem-
plary technique of FIG. 29, wherein the 3-class pattern clas-
sifier, once trained, 1s then activated to discriminate among
normal respiration, CSA and OSA within the patient;

FI1G. 31 1s a graph 1llustrating the use of the pattern classi-
fier techniques of FIG. 30 while the patient 1s asleep to detect
various forms of sleep apnea;

FIG. 32 1s a flow chart providing a more detailed 1llustra-
tion of the technique of FIG. 30, particularly showing the use
of one-minute long epochs for detecting abnormal respira-
tion;

FIG. 33 1s a flow chart illustrating a second exemplary
technique for detecting abnormal respiration 1n accordance
with the general technique of FIG. 28, wherein separate pat-
tern classifiers are trained based on different cardiac rhythm
types;

FI1G. 34 15 a flow chart further 1llustrating the second exem-
plary technique of FIG. 33, wherein different parameters are
extracted from the IEGM signals of the patient based on the
current cardiac rhythm type for use with a corresponding
pattern classifier; and

FIG. 35 1s a functional block diagram of an alternative
implementation of the pacer/ICD of FIG. 16, illustrating
basic circuit elements that provide cardioversion, defibrilla-
tion and/or pacing stimulation 1n four chambers of the heart
and particularly illustrating pattern classification-based com-
ponents for use in discriminating normal and abnormal res-
piration.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following description includes the best mode presently
contemplated for practicing the invention. This description 1s
not to be taken 1n a limiting sense but 1s made merely to
describe general principles of the invention. The scope of the
invention should be ascertained with reference to the 1ssued
claims. In the description of the invention that follows, like
numerals or reference designators are used to refer to like
parts or elements throughout.

Overview of Implantable Medical System

FIG. 1 illustrates an implantable medical system 8 having
a pacer/1CD capable of tracking respiration based on IEGM
signals, i1dentilying episodes of abnormal respiration and
delivering appropriate therapy. To this end, pacer/ICD 10
receives voltage signals from various cardiac pacing leads
(only two of which are shown 1n the FIG. 1) from which
various channels of IEGM signals are derived including, for
example, unipolar or bipolar A-IEGM signals and unipolar or
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bipolar V-IEGM signals. A complete set of exemplary pacing
leads are shown in FIG. 16 from which a wide variety of
specific channels of IEGM signals may be derived. Based on
the IEGM signals, the pacer/ICD detects parameters associ-
ated with patient respiration using a technique broadly sum-
marized below with reference to FIG. 2. Examples that are
more specific are set forth in FIGS. 3-13. Based on the respi-
ration parameters, the pacer/ICD then also detects individual
episodes of abnormal respiration, such as apnea, asthma or

CSR.

Once an episode of abnormal respiration has been detected,
the pacer/ICD uses additional implanted components (i1 so
equipped) to deliver appropriate therapy or warning signals.
For example, 11 apnea’hypopnea 1s detected, the pacer/ICD
may activate an internal alarm 18 or an external bedside alarm
22. Internal alarm 18 may be a vibrating device or a “tickle”
voltage device that, in either case, provides perceptible stimu-
lation to the patient to alert or awaken the patient so as to
terminate the episode of apnea/hypopnea. The bedside alarm
may provide audible or visual alarm signals of suificient
magnitude to alert or awaken the patient. If an activity sensor
1s provided within the pacer/ICD, the form of the alarm may
be controlled based on patient activity. For example, 1t the
activity level indicates that the patient 1s asleep, a more
noticeable alarm may be employed than if the patient 1s
deemed to be awake. In addition, while the patient 1s asleep,
the intensity of the alarm signal can be periodically increased
until the patient awakens, as detected by the activity sensor.
Additionally, or 1n the alternative, the system may include a
drug pump 20 capable of the delivering medications 1n an
attempt to prevent the onset of additional episodes of apnea/
hypopnea. Discussions of exemplary medications are pro-
vided below. In addition, the pacer/ICD may deliver atrial
overdrive pacing for the purposes of preventing additional
episodes of apnea/hypopnea from occurring.

Thus, FIG. 1 provides an overview of an implantable sys-
tem for tracking respiration, detecting episodes of abnormal
respiration and for delivering therapy in response thereto.
Although a pacer/ICD 1s illustrated 1mn FIG. 1, 1t should be
understood that the detection techniques of the invention may
be implemented within other implantable devices, including,
dedicated respiration detection devices not necessarily
capable of providing cardiac stimulation therapy. Note also
that internal signal transmission lines for interconnecting the
various 1mplanted components are not shown. Alternatively,
wireless signal transmission may be employed. In addition, 1t
should be appreciated that systems provided 1n accordance
with invention need not include all the components shown 1n
FIG. 1. In many cases, for example, the system will include
only the pacer/ICD and 1ts leads. Other implementations will
employ internal or external alarms but no drug pumps. These
are just a few exemplary embodiments. No attempt 1s made
herein to describe all possible combinations of components
that may be provided 1n accordance with the general prin-
ciples of the invention. Also, note that the particular locations
of the implanted components are merely exemplary.

Overview of Technique for Tracking Respiration Using
IEGM

FI1G. 2 provides an overview of the techniques of the inven-
tion for tracking respiration patterns via morphological fea-
tures of IEGM signals. Initially, at step 100, IEGM signals are
sensed by an implantable medical device, such as the pacer/
ICD of FIG. 1. As will be explained in greater detail with
reference to the specific examples below, the IEGM signals
may be atrial channel signals, ventricular channel signals,
cross chamber signals, or some combination thereof. In any
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case, at step 102, individual cardiac cycles are identified
within the IEGM signals using otherwise conventional detec-
tion techniques, which typically operate to detect cardiac
cycles based on QRS-complexes. At step 104, selected elec-
trical events are 1dentified within the IEGM signals, such as
depolarization events (e.g. QRS-complexes or P-waves) or
repolarization events (1.e. T-waves). At step 106, morphologi-
cal parameters associated with the individual events are
detected—such as the maximum amplitude of the event, the
peak-to-peak amplitude of the event, or the numerical integral
of the event (1.e. the total energy associated with the event). As
will be explained, multiple parameters may be detected for
cach individual event (e.g. both the maximum amplitude and
integral of an event may be detected) and different parameters
may be detected for different events (e.g. the peak-to-peak
amplitude may be determined for P-waves whereas an 1inte-
gral may be calculated for T-waves.)

Then, at step 108, patient respiration 1s detected based on
cycle-to-cycle changes in the morphological parameters
(such as cycle-to-cycle variations 1n the integral of the QRS-
complexes or cycle-to-cycle changes 1in the maximum ampli-
tudes of P-waves). In other words, changes in morphology of
a given parameter from one beat to another are tracked for the
purposes ol detecting respiration patterns. This differs from
changes 1n mtervals (such as R-R intervals), which, as noted
above, appear to arise due to autonomic variability.

The slight variations in the morphology of individual
events within the IEGM are tracked from cycle-to-cycle so as
to detect the cyclical changes associated with normal respi-
ration. Otherwise conventional filters may be used to 1solate
cyclical patterns appearing at frequencies associated with
respiration. Additionally, an analysis of changes 1n the inter-
vals between beats may be used to enhance the reliability of
the respiration detection technique of step 108. In particular,
the techniques described in the above-referenced patent to
Andersson may be employed. Vanability in AV or A-A inter-
vals may also be employed. In other words, both 1nterval-
based and individual feature-based techniques may be
employed to enhance detection specificity.

Depolarization-Based Respiration Detection Examples

Turning now to the FIGS. 3-7, examples of the technique
specifically directed to the use of depolarization-based
parameters (1.e. P-waves and QRS-complexes) will now be
described. Beginning at steps 200 and 202, the pacer/ICD (or
other 1mplanted medical device) senses A-IEGM and
V-IEGM channel signals. The signals may be derived from a
lead configuration that may be unipolar, blpolar Or Cross-
chamber (i.e. signals sensed between electrodes 1s separate
chambers such as between A-tip to V-tip.) The specific chan-
nel used may be right atrium, right/lett Ventricle. Far field
QRS or T-waves can be analyzed 1n the atrial channel 1.e.
far-field R-waves and ventricular repolarization (IT-waves).
Additionally, the Ventricular channel near-fiecld QRS and
T-waves can be used. In any case, at step 204, selected depo-
larization-based features are detected within the IEGM sig-
nals. Examples include P-waves, QRS-complexes, atrial
evoked responses (AERs) and ventricular evoked responses
(VERSs). Different features may be detected within different
IEGM channel signals. For example, P-waves and AERs may
be detected within A-IEGM channel signals; whereas QRS-
complexes and VERs may be detected within V-IEGM chan-
nel signals. At step 206, the pacer/ICD calculates the numerti-
cal integral, the maximum amplitude and/or the peak-to-peak
amplitude of the detected features or other suitable morpho-
logical parameters. Maximum or peak amplitude of an event
represents the maximum of the absolute value of the respec-

5

10

15

20

25

30

35

40

45

50

55

60

65

10

tive IEGM channel signal during the event. Peak-to-peak
amplitude instead represents the difference between the high-
est and lowest values of the respective IEGM channel signal
during the event. With a baseline voltage of zero, the peak-
to-peak amplitude thereby represents the difference between
the largest positive and largest negative values of the IEGM
signal during the event. Insofar as integrals of paced events
are concerned, a paced depolarization integral (PDI) 1s pret-
erably calculated. Otherwise conventional techniques for cal-
culating PDIs may be employed. See, for example, U.S. Pat.
No. 6,731,985 to Poore, et al., entitled “Implantable Cardiac
Stimulation System and Method for Automatic Capture Veri-
fication Calibration.”) For paced beats, the PDI 1s more useful
than QRS amplitude because the PDI provides an improved
the signal-to-noise ratio. In any case, at step 208, the pacer/
ICD tracks changes 1n the calculated parameters from cycle-
to-cycle (typically over at least a few dozen cardiac cycles)
and, at step 210, derives respiration parameters from those
changes.

Specific examples are illustrated in FIGS. 4-7. Within FIG.
4, a first graph 212 1llustrates a unipolar V-IEGM signal for a
canine test subject paced at 90 beats per minute (bpm). The
vertical axis of the graph illustrates the output of an analog-
to-digital converter (ADC) applied to the unmipolar IEGM
signal. The output ADC count 1s represented on arbitrary
numerical scale (scaled to have only positive values), which 1s
generally representative of the voltage associated with the
umpolar IEGM signals, scaled so that all values are positive.
FIG. 4 shows the IEGM signals associated with a plurality of
cardiac cycles superimposed one upon the other so as to
particularly illustrating slight variations 1n the shape of the
patterns from cycle-to-cycle. The horizontal axis represents
time within the individual cardiac cycles in milliseconds from
a common starting point. A second graph, 214, illustrates the
integrals of the VER s associated with each ventricular pacing
pulse. In other words, the VER within each individual cardiac
cycle of graph 212 was numerically integrated to obtain a
single value, then those values were plotted as a function of
time to produce graph 214. (The integrals of VERSs are also
referred to as PDIs.) Within graph 214, the vertical axis rep-
resents the integral value 1n arbitrary numerical units. The
vertical horizontal axis represents time in seconds.

The integrals from the VERSs of graph 212 have been con-
nected by an interpolated line so as to provide a smooth
representation of the respiration pattern of the canine test
subject. More complex methods may be used to interpolate by
using curve litting of functions or by using a reconstruction
filter. When a patient 1s awake/active, curve fitting can instead
be used to provide smooth representation to calculate the
breathing rate. As can be seen, there i1s clearly a cyclical
pattern composed of alternating peaks and nadirs, from which
respiration information may be dertved. In particular, the rate
of respiration may be derived (using otherwise conventional
signal processing and analysis techniques) based upon the
interval from one peak to another or the interval from one
nadir to another. The relative amplitude of respiration may be
derived based on comparison of the amplitude of the respec-
tive peaks and nadir of a given respiration cycle. Hence,
although the respiration pattern of graph 214 does not neces-
sarily closely represent an actual canine respiration pattern
(which 1s typically more sinusoidal, particularly during fairly
fast-paced respiration), the respiration pattern of graph 214 1s
nevertheless sutlicient to obtain gross information pertaining
to respiration, such as rate and relative amplitude from which
episodes of abnormal respiration may be detected.

A second depolarization-based example 1s shown in FIG.
5, again for a canine test subject (although 1n this case, using
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intrinsic beats rather than paced beats). A first graph 216
illustrates QRS-complexes (as well as T-waves) derived from
aunipolar ventricular lead. The IEGM signals associated with
a plurality of cardiac cycles are superimposed one upon the
other. Again, the vertical axis illustrates voltage 1n terms of an
ADC count. The horizontal axis represents time within the
individual cardiac cycles 1 milliseconds from a common
starting point. The graph 218 shows a resulting, smoothed
respiration pattern derived by integrating the QRS complexes
shown 1n graph 216. Again, a cyclical pattern appears, which
1s representative of the respiration of the canine test subject.
Gross information pertaining to respiration may be derived,
including respiration rate and relative amplitude.

Another depolarization-based example 1s shown 1n FIG. 6,
this one based on P-wave maximum (or peak) amplitude. In
FIG. 6, only the resulting respiration pattern 1s shown (by way
of graph 220), not the P-waves themselves. The vertical axis
represents peak amplitude on an arbitrary voltage scale;
whereas the horizontal axis 1llustrates time 1n seconds. The
data was derived from a canine test subject based on atrial
unipolar IEGM channel signals. The peak amplitude of each
P-wave within each cardiac cycle was detected and the result-
ing plot of P-wave amplitude as a function of beat number
smoothed. As with the other plots, a cyclical pattern 1s appar-
ent, which 1s representative of respiration. A final depolariza-
tion-based example 1s shown in FIG. 7, which 1llustrates a
respiration pattern (via graph 222) derived from QRS-com-
plex maximum amplitudes sensed via a unipolar ventricular
lead for a canine test subject. The maximum or peak ampli-
tude of the QRS-complex of each cardiac cycle was detected,
plotted along a time axis, and the resulting graph smoothed.
Again, the gross features of the canine respiration pattern are
clearly evident.

Thus, FIGS. 4-7 1llustrate various examples of respiration
patterns derived by separately plotting various depolariza-
tion-based features of IEGM signals. It 1s possible to also use
two or more separate parameters to track respiration to
improve accuracy. For example, respiration plots may be
generated based upon QRS complexes dertved separately
from different channels, with the separate plots then merged
to yvield a single respiration plot (using, for example, other-
wise conventional interpolation techniques). Alternatively,
respiration patterns dertved from different parameters, such
as one from QRS-complexes and one from P-waves may be
merged and combined to form a smooth time domain inter-
polation of breathing pattern. Additional morphological
parameters, such as the peak slope of an event, might be
suitable as well. Otherwise routine experimentation may be
performed to determine which additional parameters might
be suitable for tracking respiration and to identily the optimal
combinations of various parameters to be combined so as to
most reliably track patient respiration.

Repolarization-Based Respiration Detection Examples

Turning now to the FIGS. 8-12, examples specifically
directed to the use of repolarization-based parameters (i.e.
T-waves) will now be described. Many of the features of these
techniques are similar to the depolarization-based techniques
already described and so only pertinent differences will be
described. Beginning at step 300 of FIG. 8, the pacer/ICD
senses V-IEGM signals (or senses cross-chamber signals hav-
ing strong ventricular components.) At step 302, a repolar-
1zation-based feature 1s detected within the IEGM signals,
typically the ventricular T-wave. Potentially, atrial repolar-
1zation events may also be detected and used to track respi-
ration. However, atrial repolarization events are typically of
low amplitude and difficult to detect and thus are not optimal
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for use 1n tracking respiration. Hence, the use of atrial repo-
larization events will not be described in any great detail
herein.) At step 304, the pacer/ICD calculates the numerical
integral, the maximum amplitude and/or the peak-to-peak
amplitude of the detected T-waves. At step 306, the pacer/ICD
tracks changes in the calculated T-wave parameters from
cycle-to-cycle and, at step 308, dertves respiration based on
changes 1n the T-waves. In this regard, far-field ventricular

depolarization events as detected 1n the atrium can be used to
aid 1n tracking repolarization.

Specific T-wave-based examples are illustrated 1n FIGS.
9-12 for a canine test subject. Within FIG. 9, graph 312
illustrates a unipolar V-IEGM signal for a camine test subject
paced at 90 bpm. FIG. 9 shows the IEGM signals associated
with a plurality of cardiac cycles superimposed one upon the
other. The horizontal axis represents time within the 1ndi-
vidual cardiac cycles in milliseconds from a common starting,
point. Graph 314 1llustrates the integrals of the T-waves from
cycle-to-cycle. The individual data points derived by integrat-
ing the T-waves of graph 312 have been interpolated so as to
provide a smooth representation of the respiration pattern of
the canine test subject. A cyclical pattern appears, from which
respiration information may be derived. Although the respi-
ration pattern of graph 314 does not closely represent an
actual respiration pattern, graph 314 1s nevertheless suificient
to obtain gross information pertaining to patient respiration,
such as rate, depth and effort.

A second repolarization-based example 1s shown 1n FIG.
10, again for a canine test subject (although 1n this case, using,
intrinsic beats rather than paced beats). A first graph 316
illustrates T-waves (as well as QRS-complexes) dertved from
a umipolar ventricular lead, with the T-waves superimposed
one upon the other. Graph 318 shows the resulting, interpo-
lated respiration pattern derived by integrating the T-waves.
Again, a cyclical pattern appears, representative of the respi-
ration of a canine test subject from which gross information
pertaining to respiration may be derived, including respira-
tion rate and relative amplitude.

Another repolarization-based example 1s shown in F1G. 11,
this one based on T-wave maximum amplitude. In FIG. 11,
only the resulting respiration pattern shown (by way of graph
320), not be the T-waves themselves. The peak amplitude of
cach T-wave within each cardiac cycle was detected and the
resulting plot of T-wave amplitude as a function of beat num-
ber 1s smoothed. As with the other plots, a clearly cyclical
pattern appears, representative of respiration. A final repolar-
1zation-based example 1s shown 1n FIG. 12, which illustrates
a respiration pattern (via graph 322) derived from T-wave
maximum amplitudes. The maximum amplitude of the
T-wave of each cardiac cycle was detected, plotted along a
time axis, and the resulting graph smoothed. Again, the gross
features of the respiration pattern of the canine test subject are
clearly evident.

Thus, FIGS. 8-12 illustrate various examples of respiration
patterns derived by separately plotting various repolarization-
based features of IEGM signals. It 1s possible to also use two
or more separate T-wave parameters to track respiration, such
as both maximum amplitude and peak-to-peak amplitude.
Alternatively, respiration patterns derived from different
events, such as one from QRS-complexes and one from
T-waves may be merged. Using multiple parameters or mul-
tiple IEGM channel signals may enhance the specificity with
which respiration may be tracked. Otherwise routine experi-
mentation may be performed to determine optimal combina-
tions of the parameters to be combined so as to most reliably
track patient respiration.
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Interval-Based Respiration Detection Examples

In addition to the atorementioned beat-by-beat tracking
techniques, which seek to track respiration based on changes
in morphology, 1intervals between successive beats (or
between successive features of an individual beat) may addi-

tionally, or alternatively, be employed. This 1s summarized in
FIG. 13. Begmning at steps 400 and 402, the pacer/ICD

senses A-IEGM and V-IEGM signals. At step 404, pacer/ICD
then detects sequences of consecutive P-waves and/or
R-waves within the IEGM signals. At step 406, selected inter-
vals are calculated, e.g., A-A itervals, AV mtervals or R-R
intervals. A-A intervals, which represent the intervals
between consecutive P-waves, are preferably derived from
A-IEGM signals; whereas R-R intervals, which represent the
intervals between consecutive QRS-complexes, are prefer-
ably dertved from V-IEGM signals. Typically, a pacer/ICD
calculates these intervals as part of its routine operations. In
any case, at step 408, the pacer/ICD then tracks changes 1n the
intervals from cycle-to-cycle and, at step 410, derives respi-
ration from changes 1n the intervals over time, typically, over
at least a few dozen cardiac cycles. For example, a given
interval value, such as an A-A interval derived from an
A-IEGM signals, may be calculated between each successive
pair of P-waves, with the value of the interval then plotted as
a Tunction of time or as a function of cardiac cycle number (as
in some of the examples described above) so as to track the
cyclical features of respiration. As before, the respiration
patterns dertved 1n this manner may not closely approximate
the actual smooth respiration patterns of patient, but never-
theless provide suilicient information from which respiration
rate and relative amplitude can be derived and from which
episodes of abnormal respiration may be detected.

The use of changes 1n R-R and ST intervals derived from
V-IEGM signals are described in detail with reference to the
Andersson cited above. The technique of FIG. 13, however, 1s
not limited to R-R/ST interval varnability derived from
V-IEGM signals but, as noted, may be based on either
A-IEGM or V-IEGM signals, and may further be based on
A-A intervals or AV 1ntervals, or some combination thereof.
Unipolar or Bipolar signals may be employed, as well as
cross-chamber signals. The respiration patterns derived from
cycle-to-cycle changes 1n intervals may be merged with res-
piration patterns dertved from depolarization events or repo-
larization events, described above, to provide further speci-

ficity.

Abnormal Respiration Detection and Therapy

What have been described thus far are various techniques
for tracking respiration patterns based on features of IEGM
signals. With reference to FIG. 14, techniques for detecting
episodes of abnormal respiration based on the respiration
patterns and delivering therapy will now be described. At step
450, the pacer/ICD analyzes the detected respiration pattern
to detect episodes of abnormal respiration such as apnea and
hypopnea, hyperpnea, nocturnal asthma, and CSR, based on
respiration rate and/or amplitude. In general, otherwise con-
ventional techniques for detecting episodes of abnormal res-
piration, which use respiration rates or respiration ampli-
tudes, may be employed. Preferably, however, the techniques
set forth 1n FIGS. 18-27 are employed to detect abnormal
respiration. These techniques are described below. Once an
episode ol abnormal respiration 1s detected, otherwise con-
ventional techniques may be used to identify the particular
form of abnormal respiration, 1.e. to distinguish between
apnea, hypopnea, hyperpnea, CSR, etc.

Brietly, apnea may be detected based upon a lack of any
significant amplitude variations within the detected respira-
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tion patterns extending over a predetermined period of time.
In one example, an apnea detection amplitude threshold value
may be specified along with an apnea detection time thresh-
old value. If the respiratory amplitude derived from the res-
piration patterns does not exceed the amplitude threshold
value for at least a period of time greater than the time thresh-
old value, then apnea 1s presumed. Typically, an episode of
apnea 1s not deemed to have occurred unless there 1s a lack

respiration for at least ten seconds and so a time threshold of
at least ten seconds may be employed. A suitable amplitude
threshold value may be determined via routine experimenta-
tion for use with respiration patterns derived from particular
IEGM parameters. In this regard, the amplitude threshold
value for use with the respiration patterns derived from QRS-
complexes may differ from one derived from the P-waves or
T-waves. The values may also differ from patient to patient.
Note that the amplitude and morphology changes may also
depend on body position, and also on the rhythm types, 1.€. 1n
case of a pacer/ICD, 1t would be advisable to have different
thresholds for different rhythm combinations: A-R, A-V, P-R,
P-V. Suitable amplitude threshold values may be specified
following implant of device based on the specific character-
1stics of patient in which the device 1s implanted or automati-
cally updated during routine working of the algorithm.

More complex techniques may be employed identiiying
cach episode of apnea. In one example, a combination of raw
respiration parameters generated above and various thresh-
olds on each parameter are fed 1nto an apnea episode detec-
tion system, specifically configured for detecting apnea.
Additionally, simple or more complex methods than zero
crossings can be used to determine breathing rate. Depth of
breathing and effort of breathing can be calculated. The local
variability 1n each parameter as derived from mean and stand-
deviations etc. may also be fed as varniables into the apnea
ep1sode detection system. (Other vanables that can be dertved
include median, peak-to-peak changes, and inter-quartile
range.) Using the long term autonomic interval-based vari-
ability as well as the individual event-based morphological
variability, 1t 1s possible to detect differences between
obstructive apnea, central apnea, nocturnal apnea, CSA and
flow hypopnea etc.

Hypopnea may be detected based upon respiratory ampli-
tude that exceeds the apnea threshold but falls below a sepa-
rate hypopnea amplitude threshold. As with apnea, a time
threshold value (such as 10 seconds) may be specified as well.
Hence, 11 there 1s at least some respiration, but the amplitude
of that respiration falls below an amount deemed healthy for
the patient, hypopnea 1s presumed. As with the various apnea
thresholds, separate hypopnea threshold values may be speci-
fied for use with different respiration detection techniques
(1.e. depolarization-based techmiques versus repolarization-
based techniques) and for use with different patients, prefer-
ably determined on a patient by patient basis following
implant of the device. Alternative and more complex hypop-
nea detection techniques may be employed as well.

Hyperpnea/asthma may be detected based upon a pattern
exhibiting excessively rapid respiration (or attempted respi-
ration.) Accordingly, an hyperpnea/asthma amplitude detec-
tion threshold may be specified along with a hyperpnea/
asthma respiration rate and effort threshold. If amplitude
derived from the respiration pattern exceeds the hyperpnea/
asthma respiration amplitude detection threshold while the
respiration rate (also dertved from the respiration pattern)
also exceeds it respective threshold, hyperpnea/asthma 1s
thereby presumed. Again, suitable thresholds may be deter-
mined on the patient basis following implant of device. Alter-
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native and more complex hyperpnea/asthma or CSR detec-
tion techniques may be employed as well.

Hyperpnea usually may be distinguished from asthma
based on the presence or absence of normal respiration pre-
ceding the attack. Hyperpnea usually follows an episode of
apnea/hypopnea; whereas asthma usually follows a period of
otherwise normal breathing. Episodes of nocturnal asthma
may be distinguished from other asthma attacks merely by
determining whether the patient 1s asleep, using otherwise
conventional sleep detection techniques. Examples of sleep
detection techniques are set forth in: U.S. Pat. No. 5,476,483,
to Bornzin et al., entitled “System and Method for Modulat-
ing the Base Rate During Sleep for a Rate-responsive Cardiac
Pacemaker” and U.S. Pat. No. 6,128,534 to Park et al.,
entitled “Implantable Cardiac Stimulation Device And
Method For Varying Pacing Parameters To Mimic Circadian
Cycles.”

CSR may be detected using otherwise conventional tech-
niques based on 1ts characteristic pattern of alternating peri-
ods of apnea’/hypopnea and hyperpnea. See, e.g., U.S. Pat.
No. 6,830,548 to Bonnet, et al., “Active Medical Device Able
to Diagnose a Patient Respiratory Profile.”

Once an ep1sode of abnormal respiration has been detected
then, at step 452, the pacer/I1CD delivers appropriate therapy
(assuming 1t 1s properly equipped). For example, in response
to detection of frequent episodes of apnea/hypopnea, atrial
overdrive pacing therapy may be applied 1n an attempt to
prevent the onset of additional episodes. A particularly effec-
tive atrial overdrive pacing technique, referred to herein as
dynamic atrial overdrive (DAQO) pacing, 1s described 1in U.S.
Pat. No. 6,519,493 to Florio et al., entitled “Methods and
Apparatus for Overdrive Pacing Heart Tissue Using an
Implantable Cardiac Stimulation Device”. Routine experi-
mentation may be performed to 1dentify optimal DAO pacing,
parameters for use with patients with apnea/hypopnea. The
aggressiveness of DAO therapy may be adjusted based upon
the frequency or duration of episodes of apnea/hypopnea.

Anti-apneic medications may be delivered via an implant-
able drug pump, 11 so equipped. Examples of medications that
may be helpful 1n patients with apnea are set forth the follow-
ing patents: U.S. Pat. No. 6,331,536 to Radulovacki, et al.,
entitled “Pharmacological Treatment for Sleep Apnea™; U.S.
Pat. No. 6,432,956 to Dement, et al., entitled “Method for
Treatment of Sleep Apneas™; U.S. Pat. No. 6,586,478 to Ack-
man, et al., entitled “Methods and Compositions for Improv-
ing Sleep”; and U.S. Pat. No. 6,525,073 to Mendel, et al.,
entitled “Prevention or Treatment of Insomnia with a Neuro-
kinin-1 Receptor Antagonist”. Depending upon the particular
medication, alternative compounds may be required for use in
connection with an 1implantable drug pump. Routine experi-
mentation may be employed to identity medications for treat-
ment of sleep apnea that are safe and eflective for use in
connection with an implantable drug pump. Dosages may be
titrated based upon the frequency or duration of episodes of
apnea.

During the actual episode of apnea/hypopnea, an implant-
able alarm (such as alarm 18 of FIG. 1) may be activated to
awaken the patient (assuming the patient 1s sleeping) 1n an
attempt to terminate the episode of apnea/hypopnea. Alterna-
tively, a bedside alarm may be activated by transmission of
appropriate wireless control signals. Activation of an alarm to
awaken the patient 1s preferably employed only if other
therapy 1s found to be ineffective, since awakening the patient
interrupts with the patient’s natural sleeping patterns.

If implantable phrenic nerve stimulators are implanted,
apnea/hypopnea therapy can also mvolve delivery of rhyth-
mic electrical stimulation to the phrenic nerves to mimic
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breathing (assuming the apnea/hypopnea 1s due to a lack of
phrenic nerve signals.) Examples of phrenic nerve stimula-
tors are set forth 1n U.S. Pat. No. 5,056,519 to Vince, entitled
“Unilateral Diaphragmatic Pacer” and in U.S. Pat. No. 6,415,
183 to Scheiner, et al., entitled “Method and Apparatus for
Diaphragmatic Pacing”’, which are incorporated by reference
herein. Other respiratory nerves may be stimulated as well.
U.S. Pat. No. 5,911,218 to DiMarco, entitled “Method and
Apparatus for FElectrical Stimulation of the Respiratory
Muscles to Achieve Artificial Ventilation i a Patient”
describes stimulation of nerves leading to intercostal
muscles.

If an implantable hypoglossyl nerve stimulator 1s
implanted, therapy can also involve delivery of stimulation to
the hypoglossyl nerves inresponse to obstructive sleep apnea.
Examples of hypoglossyl nerve stimulators are set forth 1n
U.S. Patent Application 2003/0216789 of Deem et al.,
entitled “Method and System for Treating Sleep Apnea.”

Insofar as CSR therapy 1s concerned, CSR often arises due
to CHF and so CSR can often be remedied by addressing the
underlying CHF. See, e.g. U.S. patent application Ser. No.
10/792,305, filed Mar. 2, 2004, entitled “System And Method
For Diagnosing And Tracking Congestive Heart Failure
Based On The Periodicity Of Cheyne-Stokes Respiration
Using An Implantable Medical Device”. Accordingly, upon
detection of episodes CSR, the pacer/ICD preferably
employs otherwise conventional techniques to detect CHF
and, 1f CHF 1s present, any of a variety of therapies directed to
mitigating CHF may be implemented by the device. For
example, cardiac resynchronization therapy (CRT) may be
performed to improve cardiac function. CRT and related
therapies are discussed 1n, for example, U.S. Pat. No. 6,643,
546 to Mathis, et al., entitled “Multi-Electrode Apparatus And
Method For Treatment Of Congestive Heart Failure™; U.S.
Pat. No. 6,628,988 to Kramer, et al., enftitled “Apparatus And
Method For Reversal Of Myocardial Remodeling With Elec-
trical Stimulation™; and U.S. Pat. No. 6,512,952 to Stahmann,
et al., entitled “Method And Apparatus For Maintaining Syn-
chronized Pacing”. CHF therapy may also include delivery of
medications via an implantable drug pump, if so equipped.
Exemplary CHF medications include ACE inhibitors, diuret-
ics, digitalis and compounds such as captopril, enalapril,
lisinopril and quinapril. Depending upon the particular medi-
cation, alternative compounds may be required for use 1n
connection with an implantable drug pump. Routine experi-
mentation may be employed to identity medications for treat-
ment of CHF that are safe and effective for use i connection
with an implantable drug pump.

Additionally, during an individual episode of CSR, the
implantable alarm or external bedside alarm may be triggered
to awaken the patient to break the cycle of CSR. Again,
activation of an alarm to awaken the patient 1s preferably
employed only 1f other forms of therapy are found to be
ineffective. See, also, U.S. patent application Ser. No. 10/844,
023, filed May 11, 2004, entitled “System and Method for
Providing Demand-Based Cheyne-Stokes Respiration
Therapy Using an Implantable Medical Device”.

Insofar as hyperpnea 1s concerned, hyperpnea may arise
during CSR or may arise during an asthma attack. Hyperpnea
arising due to CSR 1s preferably addressed via CSR therapy.
See, also, U.S. patent application Ser. No. 10/829,719, filed
Apr. 21, 2004, entitled “System and Method for Applying
Therapy during Hyperpnea Phase of Periodic Breathing
Using an Implantable Medical Device”. Hyperpnea arising
due to asthma may be addressed by addressing the asthma via
suitable medications delivered via the implantable drug
pump. Examples of asthma medications are set forth, for
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example, 1n U.S. Pat. No. 4,089,959 to Diamond, entitled
“Long-Acting Xanthine Bronchodilators and Antiallergy
Agents”. Depending upon the particular medication, alterna-
tive compounds may be required for use in connection with an
implantable drug pump. Routine experimentation may be
employed to identity medications for treatment of asthma that
are safe and effective for use 1n connection with an implant-
able drug pump. Dosages may be titrated as needed based on
tracking and trending of such breathing patterns.

Additional techniques may be used, 1f desired, to corrobo-
rate the detection of an episode of abnormal respiration made
using the techniques of the invention before therapy 1s deliv-
ered. See, e.g., U.S. patent application Ser. No. 10/883,857,
filed Jun. 30, 2004, entitled “System And Method For Real-
Time Apnea/Hypopnea Detection Using An Implantable
Medical System and U.S. patent application Ser. No. 10/821,
241, filed Apr. 7, 2004, entitled “System And Method For
Apnea Detection Using Blood Pressure Detected via an
Implantable Medical System”.

Continuing with FIG. 14, at step 454, suitable warning
signals may be delivered to alert the patient, his/her physician
or other medical personnel to any episodes of abnormal
breathing.

At step 456, the device also tracks and trends changes 1n
respiration patterns. This may be achieved by continuously
monitoring the patient for apneic or hypopneic events and
quantifying the amount of apnea based on an mdex. A com-
monly used index 1s the apnea hypopnea index (AHI). This
index 1s based on counting apnea and hypopneas that occur
over the entire night and dividing the number of apnea and
hypopneas by the total sleep time 1n hours. This invention
provides a surrogate for AHI using the number of IEGM
detected apneas and hypopneas divided by the total rest time
in hours. The total rest time approximates the total sleep time
and 1s derived measuring the time that a patient 1s at profound
rest by using an activity sensor as set forth 1n: 1n aforemen-
tioned patent to Bornzin et al. (U.S. Pat. No. 5,476,483.)
Alternatively, the total sleep time may be estimated using,
IEGM based respiratory rate trends. During sleep, the respi-
ration rate diminishes below the waketul respiration rates and
sleep time may be easily determined using the IEGM based
breathing rate trend. In fact, by making a histogram of the
IEGM breathing rates sampled at equal intervals throughout
the day and counting the number of intervals in the lowest
mode an estimate of the duration of sleep may be performed.
Another method that may be used to estimate the total sleep
time throughout the day depends on a direct current (DC)
accelerometer to quantity the amount of time that a patient 1s
lying down as set forth 1n U.S. Pat. No. 6,466,821, to Pianca
et al., entitled “AC/DC Multi-Axis Accelerometer for Deter-
mimng Patient Activity and Body Position”. It 1s also be
possible to use Heart rate dynamics to differentiate between
awake and sleep state. See, Redmond et al., “Cardiorespira-
tory-based sleep staging in subjects with obstructive sleep

apnea,” IEEE Trans Biomed Eng 20035; 53(3):485-96.

An exemplary trend pattern 1s 1llustrated 1n FIG. 15, which
provides an exemplary breathing pattern (in terms of breathes
per minute) tracked over a period of about sixteen hours. A
portion 458 illustrate respiration rate during sleep. By ana-
lyzing trends contained in breathing patterns such as that of
FIG. 15, the atorementioned surrogate AHI value can be
obtained.

Returming to FIG. 14, appropriate diagnostic information 1s
stored at step 460 so that a medical professional can subse-
quently review the trend data or any therapy delivered and
evaluate 1ts effectiveness.
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What have been described are various techniques for track-
ing respiration via IEGM signals, detecting episodes of
abnormal respiration and delivering appropriate therapy. For
the sake of completeness, a detailed description of an exem-
plary pacer/ICD for controlling these functions will now be
provided. However, principles of invention may be imple-
mented within other pacer/ICD implementations or within
other devices. In particular, techniques of the invention are
also applicable to detecting respiration via surface EKG sig-
nals and hence are notnecessarily limited to use with implant-
able devices. In this regard, 1t 1s known that the mean cardiac
axis and EKG morphology 1s influenced by electrode motion
relative to the heart and by changes 1n thoracic electrical
impedance as the lungs {ill and empty. The sinus rate is
modulated by vagal influences in synchronization with res-
piration. Pressure changes (1.e. breathing-related as well as
cardiac cycle-related pressure changes) influence IEGM mor-

phology.

Exemplary Pacemaker/ICD

FIG. 16 provides a simplified block diagram of the pacer/
ICD, which 1s a multi-chamber stimulation device capable of
treating both fast and slow arrhythmias with stimulation
therapy, including cardioversion, defibrillation, and pacing
stimulation (as well as capable of tracking respiration, detect-
ing episodes of abnormal respiration and delivering appropri-
ate therapy.) To provide atrial chamber pacing stimulation
and sensing, pacer/ICD 10 1s shown 1n electrical communi-
cation with a heart 612 by way of a leit atrial lead 620 having
an atrial tip electrode 622 and an atrial ring electrode 623
implanted 1n the atrial appendage. Pacer/ICD 10 1s also 1n
clectrical communication with the heart by way of a right
ventricular lead 630 having, 1n this embodiment, a ventricular
tip electrode 632, a right ventricular ring electrode 634, aright
ventricular (RV) coil electrode 636, and a superior vena cava
(SVC) coil electrode 638. Typically, the nght ventricular lead
630 1s transvenously inserted 1nto the heart so as to place the
RV coil electrode 636 1n the right ventricular apex, and the
SVC coil electrode 638 1n the superior vena cava. Accord-
ingly, the right ventricular lead is capable of receiving cardiac
signals, and delivering stimulation 1n the form of pacing and
shock therapy to the right ventricle.

To sense left atrial and ventricular cardiac signals and to
provide left chamber pacing therapy, pacer/ICD 10 1s coupled
to a “coronary sinus” lead 624 designed for placement in the
“coronary sinus region’” via the coronary sinus os for posi-
tioning a distal electrode adjacent to the leit ventricle and/or
additional electrode(s) adjacent to the left atrium. As used
herein, the phrase “coronary sinus region” refers to the vas-
culature of the left ventricle, including any portion of the
coronary sinus, great cardiac vein, left marginal vein, left
posterior ventricular vein, middle cardiac vein, and/or small
cardiac vein or any other cardiac vein accessible by the coro-
nary sinus. Accordingly, an exemplary coronary sinus lead
624 1s designed to receive atrial and ventricular cardiac sig-
nals and to deliver left ventricular pacing therapy using at
least a left ventricular tip electrode 626, left atrial pacing
therapy using at least a left atrnial ring electrode 627, and
shocking therapy using at least a left atrial coil electrode 628.
With this configuration, biventricular pacing can be per-
formed. Although only three leads are shown 1n FIG. 16, 1t
should also be understood that additional stimulation leads
(with one or more pacing, sensing and/or shocking elec-
trodes) may be used 1n order to efficiently and effectively
provide pacing stimulation to the left side of the heart or atrial
cardioversion and/or defibrillation. The leads are also
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employed for sensing ID tag signals from medications
equipped with active ID transmutters.

A simplified block diagram of internal components of
pacer/ICD 10 1s shown 1n FIG. 16. While a particular pacer/
ICD 1s shown, this 1s for illustration purposes only, and one of
skill in the art could readily duplicate, eliminate or disable the
appropriate circuitry 1n any desired combination to provide a
device capable of treating the appropriate chamber(s) with
cardioversion, defibrillation and pacing stimulation as well as
providing for the aforementioned apnea detection and
therapy. The housing 640 for pacer/ICD 10, shown schemati-
cally n FIG. 17, 1s often referred to as the “can”, “case™ or
“case electrode” and may be programmably selected to act as
the return electrode for all “umipolar” modes. The housing
640 may further be used as a return electrode alone or 1n
combination with one or more of the coil electrodes, 628, 636
and 638, for shocking purposes. The housing 640 further
includes a connector (not shown) having a plurality of termi-
nals, 642, 643, 644, 646, 648, 652, 654, 656 and 6358 (shown
schematically and, for convemence, the names of the elec-
trodes to which they are connected are shown next to the
terminals). As such, to achieve right atrial sensing and pacing,
the connector includes at least a right atrial tip terminal (A,
TIP) 642 adapted for connection to the atrial tip electrode 622
and a right atrial ring (A, RING) electrode 643 adapted for
connection to right atrial ring electrode 643. To achieve leit
chamber sensing, pacing and shocking, the connector
includes at least a left ventricular tip terminal (V, TIP) 644, a
left atrial nng terminal (A, RING) 646, and a left atrial
shocking terminal (A, COIL) 648, which are adapted for
connection to the left ventricular ring electrode 626, the left
atrial tip electrode 627, and the left atrial coil electrode 628,
respectively. To support right chamber sensing, pacing and
shocking, the connector further includes a right ventricular tip
terminal (V, TIP) 652, a right ventricular ring terminal (V

RING) 654, a right ventricular shocking terminal (R - COIL)
656, and an SVC shocking terminal (SVC COIL) 6358, which
are adapted for connection to the right ventricular tip elec-
trode 632, right ventricular ring electrode 634, the RV coil
clectrode 636, and the SVC coil electrode 638, respectively.
Separate terminals (not shown) may be provided for connect-
ing the implanted warning/reminder device 18 and the
implanted drug pump 20, which are instead shown coupled
directly to internal functional components of the pacer/ICD
that control these devices. (The warning/reminder device 1s so
named as 1t can be programmed to deliver reminders to the
patient to take certain medications, as well as to deliver warn-
ings as to medical conditions such as apnea.)

At the core of pacer/ICD 10 1s a programmable microcon-
troller 660, which controls the various modes of stimulation
therapy. As 1s well known 1n the art, the microcontroller 660
(also referred to herein as a control unit) typically includes a
microprocessor, or equivalent control circuitry, designed spe-
cifically for controlling the delivery of stimulation therapy
and may further include RAM or ROM memory, logic and
timing circuitry, state machine circuitry, and I/O circuitry.
Typically, the microcontroller 660 includes the ability to pro-
cess or monitor mput signals (data) as controlled by a pro-
gram code stored mn a designated block of memory. The
details of the design and operation of the microcontroller 660
are not critical to the mnvention. Rather, any suitable micro-
controller 660 may be used that carries out the functions
described herein. The use of microprocessor-based control
circuits for performing timing and data analysis functions are
well known 1n the art.

As shown 1n FIG. 17, an atrial pulse generator 670 and a
ventricular/impedance pulse generator 672 generate pacing,
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stimulation pulses for delivery by the right atrial lead 620, the
right ventricular lead 630, and/or the coronary sinus lead 624
via an electrode configuration switch 674. It 1s understood
that 1n order to provide stimulation therapy in each of the four
chambers of the heart, the atrial and ventricular pulse genera-
tors, 670 and 672, may include dedicated, independent pulse
generators, multiplexed pulse generators or shared pulse gen-
erators. The pulse generators, 670 and 672, are controlled by
the microcontroller 660 via appropriate control signals, 676
and 678, respectively, to trigger or inhibit the stimulation
pulses.

The microcontroller 660 further includes timing control
circuitry (not separately shown) used to control the timing of
such stimulation pulses (e.g., pacing rate, atrio-ventricular
(AV) delay, atnial interconduction (A-A) delay, or ventricular
interconduction (V-V) delay, etc.) as well as to keep track of
the timing of refractory periods, blanking intervals, noise
detection windows, evoked response windows, alert inter-
vals, marker channel timing, etc., which 1s well known 1n the
art. Switch 674 includes a plurality of switches for connecting
the desired electrodes to the appropriate 1/0 circuits, thereby
providing complete electrode programmability. Accordingly,
the switch 674, 1n response to a control signal 680 from the
microcontroller 660, determines the polarity of the stimula-
tion pulses (e.g., unipolar, bipolar, combipolar, etc.) by selec-
tively closing the appropriate combination of switches (not
shown) as 1s known 1n the art.

Atnal sensing circuits 682 and ventricular sensing circuits
684 may also be selectively coupled to the right atrial lead
620, coronary sinus lead 624, and the right ventricular lead
630, through the switch 674 for detecting the presence of
cardiac activity in each of the four chambers of the heart.
Accordingly, the atrial (ATR. SENSE) and ventricular (VTR.
SENSE) sensing circuits, 682 and 684, may include dedicated
sense amplifiers, multiplexed amplifiers or shared amplifiers.
The switch 674 determines the “sensing polarity”™ of the car-
diac signal by selectively closing the appropriate switches, as
1s also known 1n the art. In this way, the clinician may program
the sensing polarity independent of the stimulation polarity.
Each sensing circuit, 682 and 684, preferably employs one or
more low power, precision amplifiers with programmable
gain and/or automatic gain control, bandpass filtering, and a
threshold detection circuit, as known 1n the art, to selectively
sense the cardiac signal of interest. The automatic gain con-
trol enables pacer/ICD 10 to deal effectively with the difficult
problem of sensing the low amplitude signal characteristics of
atrial or ventricular fibrillation. The outputs of the atrnial and
ventricular sensing circuits, 682 and 684, are connected to the
microcontroller 660 which, in turn, are able to trigger or
inhibit the atrial and ventricular pulse generators, 670 and
672, respectively, in a demand fashion 1n response to the
absence or presence of cardiac activity in the appropriate
chambers of the heart.

For arrhythmia detection, pacer/ICD 10 utilizes the atrial
and ventricular sensing circuits, 682 and 684, to sense cardiac
signals to determine whether a rhythm i1s physiologic or
pathologic. As used herein “sensing” 1s reserved for the not-
ing of an electrical signal, and “detection” 1s the processing of
these sensed signals and noting the presence of an arrhythmaa.
The timing intervals between sensed events (e.g., P-waves,
R-waves, and depolarization signals associated with fibrilla-
tion which are sometimes referred to as “F-waves” or “Fib-
waves”’) are then classified by the microcontroller 660 by
comparing them to a predefined rate zone limait (i.e., brady-
cardia, normal, atrial tachycardia, atrial fibrillation, low rate
VT, high rate V'T, and fibrillation rate zones ) and various other
characteristics (e.g., sudden onset, stability, physiologic sen-
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sors, and morphology, etc.) in order to determine the type of
remedial therapy that 1s needed (e.g., bradycardia pacing,
antitachycardia pacing, cardioversion shocks or defibrillation
shocks).

Cardiac signals are also applied to the inputs of an analog-
to-digital (A/D) data acquisition system 690. The data acqui-
sition system 690 1s configured to acquire intracardiac elec-
trogram signals, convert the raw analog data into a digital
signal, and store the digital signals for later processing and/or
telemetric transmission to an external device 702. The data
acquisition system 690 1s coupled to the right atrial lead 620,
the coronary sinus lead 624, and the right ventricular lead 630
through the switch 674 to sample cardiac signals across any
pair of desired electrodes. The microcontroller 660 1s further
coupled to a memory 694 by a suitable data/address bus 696,
wherein the programmable operating parameters used by the
microcontroller 660 are stored and modified, as required, in
order to customize the operation of pacer/ICD 10 to suit the
needs of a particular patient. Such operating parameters
define, for example, pacing pulse amplitude or magnitude,
pulse duration, electrode polarity, rate, sensitivity, automatic
teatures, arrhythmia detection criteria, and the amplitude,
waveshape and vector of each shocking pulse to be delivered
to the patient’s heart within each respective tier of therapy.
Other pacing parameters include base rate, rest rate and cir-
cadian base rate.

Advantageously, the operating parameters of the implant-
able pacer/ICD 10 may be non-invasively programmed 1nto
the memory 694 through a telemetry circuit 700 1n telemetric
communication with the external device 702, such as a pro-
grammer, transtelephonic transceiver or a diagnostic system
analyzer. The telemetry circuit 700 1s activated by the micro-
controller by a control signal 706. The telemetry circuit 700
advantageously allows intracardiac electrograms and status
information relating to the operation of pacer/ICD 10 (as
contained 1n the microcontroller 660 or memory 694) to be
sent to the external device 702 through an established com-
munication link 704. Pacer/ICD 10 further includes an accel-
erometer or other physiologic sensor 708, commonly referred
to as a “rate-responsive’” sensor because it 1s typically used to
adjust pacing stimulation rate according to the exercise state
of the patient. However, the physiological sensor 708 may,
depending upon its capabilities, further be used to detect
changes 1n cardiac output, changes in the physiological con-
dition of the heart, or diurnal changes 1n activity (e.g., detect-
ing sleep and wake states) and to detect arousal from sleep.
Accordingly, the microcontroller 660 responds by adjusting,
the various pacing parameters (such as rate, AV Delay, V-V
Delay, etc.) at which the atrial and ventricular pulse genera-
tors, 670 and 672, generate stimulation pulses. While shown
as being included within pacer/ICD 10, 1t 1s to be understood
that the sensor 708 may also be external to pacer/ICD 10, yet
still be implanted within or carried by the patient. A common
type of rate responsive sensor 1s an activity sensor 1mncorpo-
rating an accelerometer or a piezoelectric crystal, which 1s
mounted within the housing 640 of pacer/ICD 10. Other types
of physiologic sensors are also known, for example, sensors
that sense the oxygen content of blood, respiration rate and/or
minute ventilation, pH of blood, ventricular gradient, etc.

The pacer/ICD additionally includes a battery 710, which
provides operating power to all of the circuits shown in FIG.
17. The battery 710 may vary depending on the capabilities of
pacer/ICD 10. If the system only provides low voltage
therapy, a lithtum 1odine or lithium copper tfluoride cell may
be utilized. For pacer/ICD 10, which employs shocking
therapy, the battery 710 should be capable of operating at low
current drains for long periods, and then be capable of pro-
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viding high-current pulses (for capacitor charging) when the
patient requires a shock pulse. The battery 710 should also
have a predictable discharge characteristic so that elective
replacement time can be detected. Accordingly, pacer/ICD 10
1s preferably capable of high voltage therapy and batteries or
other power sources appropriate for that purpose are
employed.

As further shown 1n FIG. 17, pacer/ICD 10 1s shown as
having an impedance measuring circuit 712 which 1s enabled
by the microcontroller 660 via a control signal 714. Other
uses for an impedance measuring circuit include, but are not
limited to, lead impedance surveillance during the acute and
chronic phases for proper lead positioning or dislodgement;
detecting operable electrodes and automatically switching to
an operable pair 1f dislodgement occurs; measuring respira-
tion or minute ventilation; measuring thoracic impedance for
determining shock thresholds; detecting when the device has
been implanted; measuring stroke volume; and detecting the
opening of heart valves, etc. The impedance measuring cir-
cuit 120 1s advantageously coupled to the switch 74 so that
any desired electrode may be used.

In the case where pacer/1CD 10 1s intended to operate as an
implantable cardioverter/defibrillator (ICD) device, 1t detects
the occurrence of an arrhythmia, and automatically applies an
appropriate electrical shock therapy to the heart aimed at
terminating the detected arrhythmia. To this end, the micro-
controller 660 further controls a shocking circuit 716 by way
of a control signal 718. The shocking circuit 716 generates
shocking pulses of low (up to 0.5 joules), moderate (0.5-10
joules) or high energy (11 to 40 joules), as controlled by the
microcontroller 660. Such shocking pulses are applied to the
heart of the patient through at least two shocking electrodes,
and as shown 1n this embodiment, selected {from the left atrial
coll electrode 628, the RV coil electrode 636, and/or the SVC
coil electrode 638. The housing 640 may act as an active
clectrode 1n combination with the RV electrode 636, or as part
of a split electrical vector using the SVC coil electrode 638 or
the left atrial coil electrode 628 (i.¢., using the RV electrode as
a common electrode). Cardioversion shocks are generally
considered to be of low to moderate energy level (so as to
minimize pain felt by the patient), and/or synchronized with
an R-wave and/or pertaining to the treatment of tachycardia.
Defibrillation shocks are generally of moderate to high
energy level (1.e., corresponding to thresholds 1n the range of
5-40 joules), delivered asynchronously (since R-waves may
be too disorganized), and pertaining exclusively to the treat-
ment of fibrillation. Accordingly, the microcontroller 660 1s
capable of controlling the synchronous or asynchronous
delivery of the shocking pulses.

Maicrocontroller 60 also includes an IEGM 1ndividual fea-
ture morphology-based respiration detector 701 for detecting
respiration based upon one or more IEGM channel signals
using the techniques described above. An abnormal respira-
tion pattern detector 703 1s also provided the purposes of
detecting apnea, hypopnea, etc. using techniques described
above. Additionally, an abnormal respiration therapy control-
ler 705 1s provided for controlling therapy in response to an
episode of abnormal respiration, again using techniques
already described. Depending upon the implementation, the
various components may be implemented as separate soft-
ware modules. However, the modules may be combined so as
to permit single modules to perform multiple functions.

Further Abnormal Respiration Detection Techniques

Turming now to FIGS. 18-27, techniques particularly
directed to detecting abnormal respiration will be described.
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The techniques may be used, for example, by the pacer/ICD
of FIGS. 16-17 to implement step 450 of the technique of
FIG. 14.

An overview of these abnormal respiration detection tech-
niques 1s set forth 1n FIG. 18. Imitially, at step 800, the pacer/
ICD 1dentifies individual respiratory cycles within patient
respiration, 1.e. the pacer/ICD identifies individual breaths.
Specific techniques for identifying individual respiratory
cycles are discussed below with respect to FIGS. 19-22. At
step 802, the pacer/ICD detects parameters associated with
the individual respiratory cycles such as the inter-breath inter-
val, respiration depth, standard deviation of respiration depth,
median respiration depth, and respiration power. Specific
techniques for detecting such parameters are discussed below
with respect to FIGS. 23-24. Next, at step 804, the pacer/ICD
detects any significant changes 1n the parameters associated
with the individual respiratory cycles, 1.e. the pacer/ICD
detects any significant increase or decrease in the parameters.
Depending upon the particular respiratory parameters and
depending up on the particular form of abnormal respiration,
the changes 1n the respiratory parameters may be abrupt or
gradual. Specific techniques for detecting significant changes
in respiratory parameters are discussed below with respect to
FIG. 25. Finally, at step 806, the pacer/ICD, evaluates the
significant changes to detect abnormal respiration. In this
regard, normal respiration during sleep 1s characterized by
little or no change 1n respiratory parameters such as respira-
tion depth (when corrected for patient posture and other non-
respiratory factors). Hence, significant changes in respiratory
parameters such as respiration depth are indicative of, or
associated with, a transition from normal respiration to some
form of abnormal respiration. Specific threshold-based tech-
niques for evaluating the changes to detect abnormal respira-
tion are discussed below with respect to FI1G. 25. Once abnor-
mal respiration 1s detected, various techniques may be used to
identify the particular form of abnormal respiration, 1.e. to
distinguish among apnea, hypopnea, hyperpnea, CSR, etc.
Exemplary techniques for distinguishing among different
forms ol abnormal respiration are discussed above 1n connec-
tion with FIG. 14.

Turning now to FIGS. 19-20, exemplary techniques for
identifving individual respiratory cycles will be described for
use at step 800 of FIG. 18. At step 808, the pacer/ICD mputs
temporal and morphological parameters derived from the
IEGM. This may include, e.g., the maximum amplitude,
peak-to-peak amplitude, width and integral of individual fea-
tures of the IEGM such as the intrinsic atrial depolarization
events (P-waves), atrial evoked responses (AER), intrinsic
ventricular depolarization events (QRS-complexes), ven-
tricular evoked responses (VER) and premature ventricular
events (PVEs). Other exemplary parameters include: the inte-
gral of the ventricular post depolarization signal (vPDI), the
integral of the atrial post depolarization signal (aPDI), the
repolarization integral (tI), a PDI derived from the ventricular
tar-field post depolarization signal (ffPDI), an integral of the
repolarization far-field signal (11tl). Depending upon the sig-
nal, 1t may be appropriate to separately track near-field and
far-field signals (particularly with regard to repolarization
amplitudes.) Insofar as temporal parameters are concerned,
any ol a variety of inter-feature or intra-feature intervals may
be tracked, such as, e.g., A-A intervals, AV intervals, R-R
intervals, ST 1ntervals, etc. Note that the evaluation of R-R
interval 1s particularly helpiul 1n detecting respiratory sinus
arrhythmia (RSA), which 1s heart rate vanability 1 syn-
chrony with respiration.

It 1s important to correctly extract morphological and tem-
poral variable from IEGM data to ensure that the variable
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properly reflects the respiratory modulation. A history of the
morphological characteristics can be used to aid 1n variable
extraction. FIG. 20 illustrates an exemplary cardiac cycle 809
including an R-wave (1.e. QRS complex) and a T-wave.
Brackets 1llustrate a historical range of values for T-wave
parameters such as T-wave amplitude and ST-interval. His-
torical ranges such as those illustrated in FIG. 20 may be used
by the pacer/ICD to properly i1dentity the parameter to be
extract from the IEGM. For example, use of the T-wave
amplitude range can be used by the pacer/ICD to correctly
extract T-wave amplitude values.

At step 810, the pacer/ICD examines the temporal and
morphological parameters to detect any fused beats and to
reject the parameters derived from fused beats, as these
parameters may be anomalous. In one example, various sets
of histogram bins are stored 1n memory and used to track the
distribution of parameter values. Each memory bin 1s associ-
ated with a range of values. An exemplary set of bins for use
with vPDI 1s 1llustrated 1in FIG. 21. Whenever, a new vPDI
value 1s detected, the pacer/ICD increments the bin corre-
sponding to the new value. The histogram bins thereby quan-
tify the distribution of vPDI values over a period of time. In
the specific example of FIG. 21, exemplary vPDI bin values
812 obtained over a six hour period of time are 1llustrated.
(The vertical axis represents bin count. The horizontal axis
represents PDI values along an arbitrary scale.) As can be
seen, the majority of individual cardiac cycles have vPDI
values 1n the range of 600 and 1200. Any vPDI value that
deviates significantly from that range 1s likely the result of a
fused beat and 1s preferably discarded. Depending upon the
implementation, a set of histogram bins such as illustrated 1n
FIG. 21 may be maintained for each temporal and morpho-
logical parameter. In other implementations, histogram bins
are maintained only for selected cardiac cycle parameters.
Otherwise routine experimentation may be employed to 1den-
tify particular parameters that are advantageously tracked via
histogram bins. Preferably, the parameters that are tracked via
histogram bins are parameters that are strongly afiected by
fusion so as to permit fused beat to be readily detected and
rejected. Parameters such as vPDI, aPDI, tI, fiPDI, and {itl are
typically good candidates. Other techniques for detecting and
rejecting fused beats may additionally or alternatively be
employed.

At steps 814 and 816 of FIG. 19, the pacer/ICD determines
baseline values for the temporal and morphological param-
cters and corrects for any baseline shifts due to changes 1n
posture. In one example, separate running averages for each
of the parameters are tracked. The running average 1s used as
current baseline. Parameters are corrected by subtracting the
baseline from the values. Any significant drift in the runming
average 1s indicative of a change 1n posture or other change
not due to respiratory variations. Other techniques may be
used for detecting changes 1n posture such as techniques set
forth 1n U.S. patent application Ser. No. 10/329,233, of Koh et
al., entitled “System and Method for Determining Patient
Posture Based On 3-D Trajectory Using an Implantable
Medical Device”, filed Dec. 23, 2002. Once a change 1n
posture 1s detected, a new baseline value 1s calculated based
on a running average of values of the parameter obtained after
the change in posture. Preferably, all parameters used in
detecting individual respiratory cycles for the purposes of
detecting abnormal respiration are corrected for baseline
shifts using there or other suitable correction techniques.

At step 818, the pacer/ICD analyzes the corrected temporal
and morphological parameters to 1dentity individual respira-
tory cycles (1.e. breaths) based on cyclical changes therein. As
already explained 1n connection with FIGS. 2-13, the tempo-
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ral and morphological parameters derived from the IEGM
exhibit cyclical vanations indicative of respiration. Hence,
individual respiratory cycles (1.e. individual breaths) can be
detected based on the correct temporal and morphological
parameters. Otherwise conventional signal processing tech-
niques may be used to identify cyclical changes 1n the cor-
rected parameters that are representative of respiration.

FI1G. 22 1llustrates cyclical variations 1n tPDI (1.e. the paced
depolarization integral associated with a T-wave) detected by
a pacer/ICD along with externally derived signals represent-
ing patient respiration including: nasal flow 822, chest expan-
sion 824, and abdominal expansion 826. As can be seen, the
tPDI signal exhibits cyclical variations that are correlated
with patient respiration. These cyclical variations are
detected to 1dentily the mdividual respiratory cycles at step
818 of FIG. 19. Note that the particular respiratory pattern
shown 1n FIG. 22 exhibits CSR. The tPDI signal not only
permits the individual respiratory cycles to be detected but
also permits CSR to be detected, as will be described below
with reference to FIGS. 25 and 26. Note also that FIG. 22
additionally illustrates a power value 828 associated with the
tPDI signal, which 1s helpful 1n detecting abnormal respira-
tion and will also be described below.

Exemplary techniques for detecting respiratory parameters
will now be described with respect to FIGS. 23-24. These
techniques may be used at step 802 of FIG. 18. At step 830,
the pacer/ICD examines the individual respiratory cycles
detected via the procedure of FIG. 19 to detect inter-breath
intervals, 1.e. the interval between peaks of consecutive res-
piratory cycles. At step 832, the pacer/ICD then integrates the
respiration pattern over each individual inter-breath interval
to determine depth of respiration for each individual respira-
tory cycle. The respiratory pattern that 1s integrated 1s the
signal from which the respiratory cycles were derived and
hence can depend on the particular temporal or morphologi-
cal parameters detected by the device. In the example of FIG.
22, where tPDI 15 used to detect respiratory cycles, the tPDI
signal 1s integrated over each respiratory cycle found therein.
FIG. 24 illustrates an example where a vPDI signal 834 is
instead detected during a period of CSR. In that example, the
vPDI signal 1s integrated over each iter-breath interval found
therein to obtain a respiration depth signal 835. A single
respiration depth value 1s obtained for each respiratory cycle.
Otherwise conventional numerical integration techniques can
be employed by the pacer/ICD. For comparison purposes,
FIG. 24 also illustrates externally-derived respiratory signals:
a chest signal 836, an abdominal signal 838 and a nasal flow
signal 840, each tracking the periodic CSR pattern. As can be
seen, the respiration depth signal 835 derived by integrating
the vPDI signal 834 also exhibits with the CSR cyclical
variations found in the externally-derived signals. Accord-
ingly, respiration depth, by itself, can typically be used to
detect abnormal respiration. However, to enhance reliability
and specificity, the pacer/ICD preferably determines various
other respiratory parameters.

At step 842 of FIG. 23, the pacer/ICD evaluates the depth
ol respiration over multiple respiratory cycles to determine 1ts
standard deviation and median. Otherwise conventional sta-
tistical techniques may be employed to evaluate the standard
deviation and the median. Other statistical values may addi-
tionally or alternatively be evaluated. At step 844, the pacer/
ICD determines “respiratory power” by summing respiration
depth (833 of FIG. 24) over discrete temporal epochs. The
epochs are preferably ten seconds each, but other durations
may be used for the epochs such as values 1n the range of five
to fifteen seconds. Hence, in one example, once every ten
seconds the pacer/ICD sums the respiration depth values
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obtained during the previous ten second epoch. An exem-
plary, resulting respiratory power signal 846 1s also shown in
FIG. 24. It too exhibits cyclical variations indicative of CSR.
Note, however, because the respiratory power 1s derived
based on the preceding ten seconds of respiratory depth sig-
nals, 1ts cyclical variations tend to lag those exhibited 1in the
respiration depth signal. At step 848, the pacer/ICD stores the
various values 1t has calculated: depth of respiration, standard
deviation of the depth of respiration, median of depth of
respiration, and power of respiration for use 1 detecting
abnormal respiration and for subsequent diagnostic review. In
addition to calculating a power value from the respiration
depth, the pacer/ICD can also calculate a power value asso-
ciated with each of the temporal and morphological param-
eters (such as aPDI, vPDI, etc.) by itegrating these param-
cters over the last ten second epoch. (This 1s discussed further
with reference to FIG. 27.) The additional power values may
be combined with the respiration power to provide a more
robust power value for use in abnormal respiration detection.

Turming now to FIG. 25, exemplary techniques for detect-
ing significant changes in the respiratory parameters will be
described for use at step 804 of FIG. 18. At step 850, the
pacer/ICD detects gradual and/or abrupt changes in the res-
piratory parameters, 1.€. 1n one or more of depth of respira-
tion, standard deviation of the depth of respiration, median of
depth of respiration, and power of respiration. Otherwise
conventional signal processing techniques can be used to
detect changes, such as evaluating a time derivative of the
signal, which represents a rate of change of the signal with
time. The faster the rate of change, the more abrupt the change
in the parameter. Depending upon the implementation, 1t may
be desirable to combine two or more respiratory parameters
into a signal for evaluation. As noted, however, the respiratory
power signal lags the other signals and hence care should be
taken 1f combining the power signal with the other signals. In
any case, at step 852, the pacer/ICD quantifies the magnitude
of the change. In one example, the magnitude of the change 1s
simply the post-change value of the respiratory parameters
(or combination of parameters) minus the pre-change value.

FIG. 26 illustrates a technique for evaluating the changes to
the respiratory parameters to detect abnormal respiration for
use at step 806 of FIG. 18. Ate step 834, the pacer/ICD
compares the magnmitude of the changes against one or more
thresholds indicative of abnormal respiration. For example, 11
the respiratory parameter being tracked 1s the depth of respi-
ration, the magnitude of any abrupt change in respiration
depth 1s compared against a predetermined threshold indica-
tive of abnormal respiration. The thresholds depend on the
particular parameter being tracked and may further vary from
patient to patient. Suitable threshold values may be specified
following implant of device based on the specific character-
1stics of patient in which the device 1s implanted and/or may
be automatically updated during routine working of the algo-
rithm. The direction of the change 1s also preferably analyzed
to determine whether an episode of abnormal respiration 1s
beginning or ending. For example, a sudden drop 1n respira-
tion depth from a previously normal depth 1s indicative of the
onset of apnea’hypopnea. A sudden increase in respiration
depth from a previously abnormally low respiration depth 1s
instead indicative of a return to normal respiration. A still
further abrupt increase may be indicative of the onset of
hyperpnea. At step 856, the pacer/ICD then generates signals
indicative of onset or termination of abnormal respiration.
The signals may be used to trigger warning signals or to
control therapy, as already described above with reference to
FIG. 14. Also, as has already been explained in connection
with FIG. 14, the pacer/ICD preterably identifies the particu-
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lar form of abnormal respiration so as to permit the appropri-
ate therapy and/or warnings to be delivered.

FI1G. 27 turther illustrates and summarizes the components
and method steps employed to implement the technique of
FIGS. 18-26. As will be explained, the technique of FI1G. 27
includes some additional features as well. Briefly, raw IEGM
data 900 1s filtered via sense amplifiers 902 to yield sense
amplifier data 904. The sense amplifier data1s analyzed via an
event 1dentification block 906 to i1dentily and extract indi-
vidual events 908, such as paced atrial or ventricular events
and 1ntrinsic (1.e. sensed) atrial and ventricular events. These
steps/components are conventional. Then, the raw IEGM data
and the events found therein are processed at block 910 to
extract variables for the purposes of abnormal respiration
detection. That 1s, data and signal from all available IEGM
channels of cardiac rhythm management (CRM) device, 1.¢.
the pacer/CD, are extracted. Examples include: R-R, P-P,
PDI, QT interval, aPDI, vPDI, {1PDI, tI, {itl etc. At block 912,
the pacer/CD derives or calculates distributions for the vari-
ous variables. The histogram techniques described above
with reference to FIG. 21 may be employed to derive the
distributions. At block 914, the pacer/CD calculates and

removes respective baseline means, preferably using tech-
niques described above with reference to steps 814 an 816 of
FIG. 19. At block 915, the pacer/ICD preferably normalizes
the varniables to remove body position-based variability. In
one example, a running average of the mean and the standard-
deviation are maintained with a window of width equal to 64
beats, 1.¢. 1-64 to 1+64. An 1+64 scheme 1s preferable to using,
an 1—128 to 1 scheme to prevent lag due to such calculation.
The IEGM varniables are then normalized by eliminating any
variation 1n the calculated mean and standard-deviation. In
one specific example, the following formula 1s used:

where [1=local mean, and where the local standard devia-
tions are used. In this manner, a moving window normaliza-
tion 1s achieved to remove the mean and standard-deviation
changes that occur due to body position changes while retain-
ing the relative variations due to respiration.

At block 916, the pacer/CD calculates the power of each
variable over a previous epoch of X seconds (e.g. 10 seconds.)
This 1s performed by integrating the variable over the previ-
ous epoch of time. These power values are 1 addition to the
respiration power value that 1s described above with reference
to FIG. 23 and provide a turther set of values to aid 1n detect-
ing abnormal respiration. At block 918, the pacer/ICD evalu-
ates the breathing interval, 1.e. the inter-breath interval or
interval between peaks of consecutive respiratory cycles.
Once the breathing interval 1s calculated, the pacer/ICD can
then evaluate respiratory power, which 1s a sum of respiration
depth over the preceding epoch of time where a single respi-
ration depth value 1s calculated for each individual breathing,
interval.

At block 922, the pacer/ICD compares the various derived
parameters and one or more thresholds, as described above
with reference to FIGS. 25 and 26 to detect abnormal respi-
ration. At block 924, individual events (i.e. individual epi-
sodes of abnormal respiration) are detected and appropriate
diagnostics are stored. Also, as already explained, appropriate
therapy may be applied and/or warning signals may be gen-
erated.

5

10

15

20

25

30

35

40

45

50

55

60

65

28

The techniques of FIGS. 18-27 are advantageously per-
formed while the patient 1s asleep to detect nocturnal forms of
abnormal respiration, but may potentially be performed while
awake. (CSR, for example, can occur while a patient 1s awake,
particularly if CHF 1s severe.) In implementations wherein
the techniques are implemented only while the patient 1s
asleep, otherwise conventional sleep detection techniques
may be used to detect the onset and termination of sleep. In
addition, the sleep detection techniques of the Bornzin et al.
and Park et al., patents, cited above, may be used. Addition-
ally, or 1n the alternative, respiratory parameters detected by
the techniques described herein—-such as depth of respira-
tion—may be used to detect sleep. In this regard, sleep, com-
pared with wakefulness 1s associated with reduced lung ven-
tilation mainly due to decreases in tidal volume. Accordingly,
detection of persistent low respiration depth can be used
alone, or 1n combination with other techniques, to detect

sleep. (A respiration profile incorporating a period of sleep 1s
illustrated in FIG. 15 and described above.)

Also, whereas the techniques of FIGS. 18-27 are advanta-
geously employed in “real time” (based on IEGM signals as
they are sensed), the technique can alternatively be employed
based on previously recorded parameters. For example, data
may be collected overnight then analyzed later to detect epi-
sodes of abnormal respiration that have already occurred for
the purpose of generate appropriate diagnostic data for phy-
s1C1an review.

Pattern Classifier-Based Abnormal Respiration Detection
Techniques

Turming now to FIGS. 28-335, additional techniques will be
described for discriminating normal and abnormal respiration
(particularly apnea/hypopnea). Among other innovations,
these techmques utilize pattern classifiers trained to detect
abnormal respiration based on features of IEGM signals.

FIG. 28 provides an overview of IEGM-based abnormal
respiration detection techniques employing pattern classifi-
ers. Beginning at step 1000, the pacer/ICD senses IEGM
signals (or other appropnate electrical cardiac signals) and
identifies individual cardiac cycles therein. (This step 1s, of
course, routinely performed by the pacer/ICD whether or not
IEGM-based respiration detection 1s performed.) At step
1004, the pacer/ICD detects one or more parameters from the
cardiac cycles. The parameters can include morphological
metrics such as various PDI values, as well as interval-based
metrics such as P-R and R-R intervals. As will be explained
below, the parameters can be further processed to extract
time-domain features (such as mean or standard deviation
values) and frequency domain features (such as a power spec-
tral density value). In any case, the parameters (or features
derived therefrom) are applied to a device trained to discrimi-
nate between normal and abnormal respiration such as a
pattern classifier, at step 1006, so as to detect abnormal res-
piration, 11 any, within the patient. In some implementations,
the method of FIG. 28 1s performed to determine whether the
patient 1s subject to abnormal respiration but does not specifi-
cally identily individual episodes of abnormal respiration.
Rather, diagnostic data 1s recorded for physician review,
which indicates that the patient 1s subject to abnormal respi-
ration. In other implementations, the method 1s performed to
identify individual episodes of abnormal respiration such as
individual episodes of apnea/hypopnea. In any case, a wide
variety of devices and/or algorithms may be trained to dis-
criminate between normal and abnormal respiration. In the
following examples, one or more pattern classifiers are used.

The pattern classifier can alternatively be tramned to dis-
criminate among normal respiration, CSA and OSA. A clas-
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sifier trained to discriminate between normal and abnormal
respiration 1s referred to herein as 2-class pattern classifier. A
classifier trained to discriminate among normal respiration,
CSA and OSA 1s referred to herein as 3-class pattern classi-
fier. In other examples, the pattern classifier may be config-
ured to discriminate among still further types of abnormal
respiration, such as CSR. That 1s, a 4-class, 5-class (or
N-class) pattern classifier may instead be used. In any case, by
using a pattern classifier or similar device, respiratory dis-
crimination can be readily and reliably achieved. Linear dis-
criminant pattern classifiers for detecting apnea based on
EK G signals are described 1n the aforementioned patent to de
Chazal, et al., cited above. Technique described therein may
be adapted to discriminate different types of respiration based
instead on IEGM signals or other internally sensed electrical
cardiac signals as 1n FIG. 28. Techniques employing pattern
classifiers are also discussed in the co-pending application
filed contemporaneously herewith, also cited above. See,
also, U.S. Patent Application 2006/0184056 of de Chazal et
al., entitled “Apparatus for Detecting Sleep Apnea using Elec-
trocardiogram Signals.”

Note that, although the pattern classifier techmiques
described herein are particularly well-suited to detecting
abnormal respiration such as CSA or OSA, other normal or
abnormal physiologic states may be detected as well. Other
physiologic states that potentially may be detected, tracked
and discriminated using a pattern classifier include hyperp-
nea, asthma, CSR, hypoglycemia, hyperglycemia, diabetes,
renal failure, hypertension, i1schemia, hyperkalemia,
hypokalemia, obesity, stroke, chronic obstructive pulmonary
disease (COPD), pulmonary edema, edema, anemia, heart
failure, exertion induced dyspnea, and tachypnea with
hypoglycemia. That 1s, the implantable device 1s equipped to
detect a vaniety of cardiac disease comorbidities. In this
regard, 1f a patient 1s a predisposed toward one cardiac dis-
case, the patient 1s also predisposed to other diseases or con-
ditions, referred to as comorbidities. Pacer/ICDs are usually
implanted 1n response to some form of cardiac ailment or
disease. Accordingly, patients with pacer/ICDs are often pre-
disposed to the atorementioned comorbidities and hence 1t 1s
desirable to detect the physiologic states associated there-
with. Detection of these other cardiac disease comorbidities
are discussed 1n greater detail 1n the co-pending application
filed contemporaneously herewith, also cited above.

Turning now to FIGS. 29-30, an illustrative technique
employing a 3-class pattern classifier for detecting abnormal
respiration will now be described. Steps for training the pat-
tern classifier are shown in FIG. 29. Steps for using the pattern
classifier (once trained) are shown in FIG. 30. Traimning is
preferably performed prior to device implant. That 1s, a single
pattern classifier 1s trained 1n advance using IEGM data col-
lected from a population of test subjects, then individual
trained classifiers are installed 1n various pacer/1CDs for use
with individual patients. Alternatively, the pattern classifier of
a particular pacer/ICD 1s trained for the particular patient 1in
whom 1t 1s implanted based on IEGM data sensed within that
particular patient. The examples of FIGS. 29-30 are directed
to 1implementations where a single classifier 1s trained in
advance based on IEGM data collected from a population of
test subjects. Two general implementations for training and
using the pattern classifier are covered herein. In a first imple-
mentation, the pattern classifier 1s tramned to determine
whether or not a patient suffers from abnormal respiration. In
a second implementation, the pattern classifier 1s instead
trained to 1dentity individual episodes of abnormal respira-
tion. In the first implementation, the pattern classifier 1s
trained by applying IEGM signals from test subjects to the
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pattern classifier along with an indication of whether particu-
lar test subjects suffer from abnormal respiration or not. The
pattern classifier 1s thereby trained to discriminate between
patients suffering from abnormal respiration (1.e. the patients
have a significant number of episodes of abnormal respira-
tion) and patients with normal respiration (1.e. the patients do
not have any significant number of episodes of abnormal
respiration). In the second implementation, the pattern clas-
sifier 1s trained by applying IEGM signals from test subjects
to the pattern classifier along with an indication of whether
particular test subject 1s currently sutlering from an episode
of abnormal respiration. The pattern classifier 1s thereby
trained to discriminate normal respiration from episodes of
abnormal respiration so as to allow individual episodes of
abnormal respiration to be detected. In the following
examples, 1t 1s assumed that the first implementation 1is
employed, unless indicated otherwise.

Beginning at step 1100 of FIG. 29, the training system first
determines whether the patient 1s asleep (or i1s otherwise
inactive) and hence potentially subject to sleep apnea or other
abnormal respiration disorders occurring during sleep,
referred to generally as sleep disordered breathing (SDB).
Otherwise conventional sleep detection techniques may be
used. (In this example, the pattern classifier 1s only employed
within patients while they are asleep and so training 1s only
performed based on cardiac cycles detected while the test
subjects are also asleep. In other examples, 1t may not be
necessary to wait until the patients and test subjects are
asleep.) Assuming the test subject 1s asleep, the training sys-
tem, at step 1102, recerves atrial and ventricular IEGM sig-
nals initially sensed within the test subject (by, for example, a
conventional pacemaker already implanted therein) and 1den-
tifies individual events within the IEGM signals including;:
P-waves, R-waves (1.e. QRS-complexes), T-waves, AERs,
and VERs. Conventional detection techniques may be used to
detect the events, and conventional event markers may be
used to designate and record the events.

At step 1104, the training system extracts or otherwise
detects various morphological parameters or “metrics” from
the identified events. Morphological parameter examples
include: vPDI, tPDI, aPDI, fiPDI, and t1tPDI. The parameters
vPDI and aPDI are described above with reference to FIG. 19.
The parameter tPDI represents a T-wave-based integral (and
1s also referred to above as a tl value.) The parameter itPDI
represents a far-field tPDI (and 1s also referred to above as an
it value.) Other examples of morphological parameters
include: the maximum amplitude, peak-to-peak amplitude
and width of the events of the cardiac signals. The particular
morphological parameters to be extracted from the cardiac
signals depend upon the current programming of the training
system. At step 1106, the training system then extracts or
otherwise detects various interval-based parameters or met-
rics ifrom the identified events. Interval-based parameter
examples 1include: R-R, P-R, P-P and QT intervals. As with
the morphological parameters, the particular intervals to be
extracted from the cardiac signals for use in training the
pattern classifier depends upon the current programming of
the training system.

At step 1108, the training system inputs the respiratory
status of the test subject (1.e. whether the test subject generally
suifers from OSA or CSA or mnstead had normal respiration).
This 1s appropriate 11 the pattern classifier 1s to be trained to
determine whether a patient 1s subject to OS A or CS A without
necessarily detecting individual episodes. The diagnosis of
OSA or CSA can be achieved using an otherwise conven-
tional external respiration detection system. (Alternatively,
the training system inputs an indication of whether the test
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subject 1s currently suffering from an episode of OSA or CSA
so 1t can be trained to specifically detect individual episodes.)
At step 1110, the training system then trains a 3-class pattern
classifier to discriminate between normal respiration, CSA
and OSA by applying (1) the extracted parameters and (2) the
indication of the current respiratory state of the patient to the
pattern classifier. Otherwise conventional techniques may be
employed to configure the pattern classifier so that 1t can learn
to discriminate among normal respiration, CSA and OSA
based on the input parameters (or based on time-domain and
frequency domain features extracted from the parameters as
discussed below.)

Once a sullicient amount of data has been processed for a
particular test subject, a new test subject 1s selected, at step
1111, and the training procedure 1s repeated for the new test
subject. Typically, a fairly large number of cardiac cycles
from a large number of test subjects—some having normal
respiration, others subject to CSA, and still others subject to
OSA—should be applied to the pattern classifier during the
technique of FIG. 29 to train the classifier. Eventually, once
training 1s complete (and the classifier has been properly
tested to verily its reliability) the classifier 1s downloaded
within pacer/ICDs for implant within patients so that the he
pattern classifier may then be employed to determine whether
individual patients have abnormal respiration. That 1s, the
trained classifier parameters are hard-coded into a device for
implant. In some implementations, however, the trained clas-
sifler parameters are merely used as 1nitial parameters within
cach individual patient. The particular classifier within a
given patient can then be further trained based on IEGM
signals detected within that patient so as to optimize the
classifier for that patient. Also, other clinical inputs can be
applied to the pattern classifier within a particular patient so
as to optimize the parameters of the classifier for that particu-
lar patient. Examples include 1) Epworth Sleepiness Score
(or similar test of sleepiness; 2) an indication of whether the
patient snores; 3) an indication ol whether the patient 1s
known to exhibit pauses during sleep; 4) an indication of
whether the patient has LV dystunction; 5) the ejection frac-
tion (EF) of the patient; 6) an indication of whether the patient
has hypertension; 7) systolic/diastolic pressure; 8) an indica-
tion of whether the patient has AF; 9) an indication of whether
the patient has heart failure. The pattern classifier can also be
used 1n combination with various sensors to augment its
performance. Exemplary sensed metrics include dynamic
impedance (7)) values and SpO, and SvO, values. See, for
example, U.S. patent application Ser. No. 10/795,009, of
Koh, entitled “System and Method for Distinguishing among
Obstructive Sleep Apnea, Central Sleep Apnea and Normal
Sleep Using an Implantable Medical System,” filed Mar. 4,
2004. These additional metrics can also be used during mnitial
training by outputting the sensor signals from a pacer/ICD
within a test subject to the tramning system. The training
system then trains the pattern classifier, 1n part, using the
additional sensor metrics.

FIG. 30 1llustrates the use of a pattern classifier trained by
the techniques of FIG. 29. Beginning at step 1112, a pacer/
ICD that has a trained pattern classifier installed therein deter-
mines whether the patient (1n which 1t has been 1nstalled) 1s
asleep or otherwise 1nactive so as to trigger activation of the
pattern classifier. Preferably, the pattern classifier 1s not acti-
vated under conditions, such as during AF/AT, that were
excluded when the classifier was trained. This 1s also dis-
cussed 1n the co-pending application. Assuming the pattern
classifier 1s activated, step 1114 1s then performed wherein the
pacer/ICD senses IEGM signals and identifies individual
events therein: P-waves, R-waves, etc. At steps 1116 and
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1118, the pacer/ICD extracts the same types of morphological
and 1nterval-based parameters 1nitially used to train the pat-
tern classifier. As explained, 1n at least some patients, only
one or two parameters may need be extracted. At step 1120,
the pacer/ICD then detects and discriminates OSA and CSA
by applying the extracted parameters to the trained pattern
classifier. In this regard, the pattern classifier may be config-
ured to generate indices representative of the degree of OSA
and CSA. If the OSA 1ndex exceeds an OSA threshold, the
patient 1s subject to OSA. Conversely, 1I the CSA index
exceeds a CSA threshold, the patient 1s subject to CSA. At
step 1122, the pacer/ICD also preferably determines the
severity of OSA or CSA within the patient. The aforemen-
tioned indices may also be used to evaluate severity. That 1s,
the higher the index, the more severe the condition. The
severity of CSA or OSA may also be ascertained using oth-
erwise conventional techniques, such as by determining the
duration of each period of apnea. At step 1124, the pacer/ICD
records diagnostic information and, depending upon the
capabilities of the pacer/ICD, also delivers appropriate
therapy and/or generates warning signals.

Note that, depending upon the particular patient, some
parameters may be more effective 1n the discrimination pro-
cess. Parameters that are not effective may potentially be
ignored by the pacer/ICD for the purposes of abnormal res-
piration detection within that particular patient, thereby
reducing processing requirements. In at least some cases,
only one or two parameters—such as only one morphology
metric and only one interval metric—are needed. For some
patients, only morphological parameters might be required
whereas, 1n other patients, only interval-based parameters
might be required. Also, note that parameters detected during
certain conditions, such as atrial fibrillation (AF) or atrial
tachycardia (A1), may be excluded during the training pro-
cedure. Insofar as AF 1s concerned, it AF 1s not found to add
a significant confounding component to the ventricular chan-
nel IEGM morphology, then the training system need not
exclude the AF data. E.g., if the ventricular pacing and rate 1s
maintained during episodes of AF, and if the respiration com-
ponent 1s still visible from the ventricular IEGM morphology
metrics, the training system preferably does not exclude data
collected during AF. This 1s discussed in greater detail 1n the
co-pending application filed contemporaneously herewith,
cited above.

FIG. 31 illustrates how apnea training and detection tech-
niques of FIGS. 29-30 might be activated while a patient 1s
asleep (or otherwise inactive.) That 1s a “region of interest”
1126 coincides with a sleep period of the patient, as deter-
mined by a running average ol breathing rates 1128 and a
running average of activity levels 1130. Note that the patient
1s not necessarily asleep continuously during this period of
time. Indeed, 1f suffering frequent episodes of frank apnea,
the patient will likely wake up frequent as a result of those
episodes. Moreover, as already explained, the pattern classi-
fier need not be limited for use while the patient 1s asleep and
hence the use of a sleep detector and/or activity sensor 1s
optional. Various other techniques may be employed to per-
form “sleep gating”, particularly techniques using additional
parameters to detect sleep.

Turming now to FIG. 32, a more detailed example of the
usage ol a pattern classifier 1s illustrated. This example
employs a 2-class pattern classifier that has already been
trained to discriminate between apnea and normal respira-
tion. The trained pattern classifier 1s installed within a pacer/
ICD implanted within a patient. Initially, separate atrial and
ventricular channel IEGM signals 1200 and 1202 are
acquired within the patient in a unipolar, bipolar, or multipo-
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lar lead configuration. The IEGM signals are input by the
pacer/ICD (schematically denoted within FIG. 32 by cardiac
rhythm management (CRM) device block 1204.) The pacer/
ICD analyzes the IEGM data to generate atrial and ventricular
event markers and to 1identity particular windows or portions
of the IEGM. In particular, the pacer/ICD i1dentifies one-
minute long epochs, which will be used in processing the
data. R-R, P-R, P-P and QT ntervals are detected, at block
1206. (The R-R, P-R, P-P intervals may be easily determined
from the P and R event makers. The QT interval may require
turther processing of the IEGM to 1dentily the Q-point of the
QRS-complex (1.e. R-wave) and to further identity the
T-wave.) At block 1208, PDI metrics are derived from the
IEGM. As noted, not all of these PDIs need be calculated.
Rather, the PDI of the cardiac cycle component that best
represents the respiration cycle 1n the patient may instead be
chosen. The integral calculation may be identical to the cal-
culation of the PDI for evoked response evaluation 1n current
CRM devices. Specific techniques for deriving metrics from
IEGM signals that best represent respiration are discussed
above 1n connection with FIGS. 1-27.

At block 1210, a one-minute epoch of morphological and
interval metrics 1s stored in a butfer. Before storage, the data
may first be normalized to achieve zero mean and unit stan-
dard-deviation. At block 1212, individual time domain fea-
tures are extracted, such as mean and standard deviations.
Individual frequency domain features are also extracted, such
as power spectral density metrics. In this example, the feature
data extracted at block 1212 1s the data that 1s actually applied
to the pattern classifier (and hence 1s also the data used to
iitially train the pattern classifier.) In this regard, a pattern
classifier model has already been trained on a pre-existing
database of IEGM signals to provide a probability of each test
epoch period containing episodes ol apnea/hypopnea or not.
As already noted, the classifier can be trained 1n multiple
ways, and can be invoked based on the focus of the algorithm.
In a 2-class problem classification, the model is trained to
identiy normal events from apnea/hypopnea events. In a
3-class problem, the model 1s trained to identity normal
events v/s obstructive events and central events individually.
This 1s helpful 1n 1dentifying the type of predominant under-
lying apnea, so that the screening along with the apnea sever-
ity and apnea type can provide more information to the phy-
sici1an as to an appropriate mode of treatment for the patient.

Additionally, note that the features incorporated for differ-
ent cardiac rhythm types may be the same, or can be set
differently. For example, 1t may be determined that patients
with rhythm type PR should have features derived from vPDI,
and the patients with rhythm type AV should have the features
derived from tPDI. (Cardiac rhythm types are discussed 1n
greater detail below with reference to FIGS. 33-34. Cardiac
rhythm types are also discussed 1n the co-pending application
filed contemporaneously herewith.) Also, classifier param-
cters for different rhythm types may be the same, or can be set
differently. For example, the classifier can be trained on dii-
terent rhythm type separately such as: different training for
AR, PR, AV, PV rhythm types, or AR+AV and PR+PV com-
bined together, and the corresponding classifier parameters
can be stored and invoked when the specific rhythm type 1s
encountered. At block 1214, discriminant values are calcu-
lated for each class of the 2-class patter classifier based on the
teatures dertved from the latest one-minute epoch of data. In
one example, the discriminants y, are of the form: y,=a*x+
b+log(prior-probability), wherein a and b are constants from
the classifier model (i.e. from the trained pattern classifier),
and log(prior-probability) 1s a fixed value that can all be
stored 1n the CRMD device as constants. For example,
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1) v (CV)

a=—0.5*transpose(

b=-0.5*transpose(

) iv(CV)*L,

wherein CV represents a covariance matrix and [, represents
suitable constants. CV 1s constant in a similar manner that [ ],
1s a constant. The class that produces the highest value ol y, 1s
then chosen as the correct class for the epoch (and which
thereby discriminates normal respiration from abnormal res-
piration.) As already noted, various clinical inputs may be
used to optimize a pattern classifier for a particular patient.
That 1s, 1t 1s possible to “bias™ a patient e.g. modily the
prior-probability, based on clinical condition determination
¢.g. Epworth sleepiness scale input, hypertension, CHF etc.
The same or similar equations listed above can be used 1n a
3-way classifier.

At block 1216, the posterior probabilities are combined so
as to form a diagnostic measure, 1.€. an index representing the
measure of severity of apnea’/hypopnea. In one example, the
sum ol the number of epochs with the class type “apnea/
hypopnea™ 1s then used to form the diagnostic measure of the
index representing the measure of severity of apnea/hypop-
nea within the patient. If the index 1s clinically significant (1.¢.
the 1ndex exceeds a predetermined threshold indicative of
“clinical significance™), the patient 1s thereby screened as
being apneic/hypopneic (1.e. the patient 1s subject to apnea/
hypopnea), at block 1218. Otherwise, the patient 1s screened
as being non-apneic/hypopneic (1.¢. the patient 1s not subject
apnea/hypopnea), at block 1220. As already explained, apnea
can be further discriminated between OSA and CSA by
instead employing a 3-class pattern classifier.

Hence, 1n this example, the pattern classifier 1s not used to
identify individual episodes of apnea/hypopnea but to instead
determine whether the patient 1s generally prone or subject to
such episodes. Hence, the pattern classifier provides a pre-
liminary diagnosis of whether the patient suffers from apnea/
hypopnea. Appropriate diagnostics information 1s stored for
physician review. The physician makes the final determina-
tion of whether the patient indeed sulfers from apnea/hypop-
nea and initiates appropriate therapy. In other implementa-
tions, the pattern classifier 1s tramned and used to detect
individual episodes of apnea/hypopnea.

Turning now to FIGS. 33-34, an illustrative technique will
be described wherein the current cardiac rhythm type of the
patient 1s taken into account. Steps for training one or more
pattern classifiers using a training system are shown in FIG.
33. Steps for using a trained pattern classifier(s) installed
within a pacer/ICD are set forth 1n F1G. 34. Many of the steps
are similar to corresponding steps of FIGS. 29-30 and will not
be described again 1n detail. As before, pattern classifiers are
preferably not trained under certain conditions. Beginning at
step 1300 of FIG. 33, the training system determines whether
the test subject 1s asleep (or 1s otherwise mactive) and, 11 so,
begins recerving atrial and ventricular IEGM signals sensed
within the test subject and i1dentitying individual events
therein, at step 1302, for the purposes of training one or more
pattern classifiers. At step 1304, the training system 1dentifies
a current rhythm type within the test subject. That 1s, the
training system determines whether the heart 1s currently
undergoing predominantly AR, AV, PR or PV rhythms, which
i1s then identified as the “‘current” rhythm type. In one
example, the tramning system tracks the latest one-minute
epoch of data and identifies the predominant rhythm within
that one-minute epoch. The training system selects a particu-
lar pattern classifier for training based on the current rhythm
type. In other words, 1n this example, four separate pattern
classifiers are provided, one for each of the four main rhythm
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types. An AR pattern classifier 1s activated for training 11 the
current predominant rhythm 1s AR. A PR classifier 1s acti-
vated for training i the current predominant rhythm 1s PR;
ctc. Alternatively, a single pattern classifier 1s used, which 1s
loaded with different classifier parameters depending upon
the rhythm type.

At steps 1306 and 1308, the traiming system extracts mor-
phological parameters and interval-based parameters for use
in training the selected pattern classifier. At step 1310, the
current respiration status of the test subject 1s identified (nor-
mal or abnormal) using, e.g., an external system. At step
1312, the training system then trains the selected pattern
classifier to discriminate patients with normal respiration
from patients with abnormal respiration while also 1dentity-
ing the optimal morphological parameters and interval-based
parameters for use with the current rhythm type. For example,
while traiming the AR pattern classifier, the training system
might determine that tPDI and {IPDI are the most usetul
morphological parameters when discriminating normal and
abnormal respiration during AR cardiac rhythms. While
training the AV pattern classifier, the training system might
instead determine that aPDI and {itPDI are the most useful
morphological parameters for use 1n discriminating normal
from abnormal respiration during AV cardiac rhythms. As
such, these parameters can then be specifically selected for
use with the different pattern classifiers when the pattern
classifiers are activated for use in actually detecting abnormal
respiration. Once a suilicient amount of data has been pro-
cessed from the particular test subject, another test subject 1s
selected. A new test subject may be selected, at step 1313.
Training continues until a sufficient amount of data from a
suificient number of test subjects has been processed so that
the pattern classifier(s) can reliably discriminate normal and
abnormal respiration.

FI1G. 34 1llustrates the use of the pattern classifier(s) traimned
within FIG. 33. That s, FI1G. 34 1llustrates steps performed by
a pacer/ICD that has been implanted within a patient and
which includes one or more trained pattern classifiers. Begin-
ning at step 1314, the pacer/ICD determines whether the
patient 1s asleep (if needed) and, if so, proceeds to detect
abnormal respiration. (Preferably, abnormal respiration
detection 1s not performed under conditions that were
excluded during traiming, such as during AF/AT.) Assuming
abnormal respiration 1s to be detected, step 1316 1s then
performed wherein the pacer/ICD senses IEGM signals and
identifies individual events therein. At step 1318, the pacer/
ICD 1dentifies the current rhythm type of the patient (i.e. the
predominant rhythm type over an epoch of interest) and acti-
vates the corresponding pattern classifier. For example, if AR
1s the current cardiac rhythm type (1.e. the predominant
rhythm type over the latest one-minute epoch), then the pat-
tern classifier specifically trained for use with AR data 1s
activated. Conversely, 1 AV 1s the current cardiac rhythm
type, then the pattern classifier specifically trained for use
with AV datais activated. At step 1320, the pacer/ICD extracts
the particular morphological parameters i1dentified during
step 1312 of FIG. 33 as being optimal for use with the current
rhythm type. At step 1322, the pacer/ICD extracts the particu-
lar interval-based parameters 1dentified during step 1312 of
FIG. 33 as being optimal for use with the current rhythm type.
Atstep 1324, the pacer/1ICD then detects abnormal respiration
by applving the extracted parameters to the particular pattern
classifier that has been activated. In this manner, during AR
rhythm, an AR pattern classifier 1s used to detect abnormal
respiration based on parameters previously deemed to be
optimal for use with AR. During AV rhythm, an AV pattern
classifier 1s used to detect abnormal respiration based on
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parameters previously deemed to be optimal for use with AV;
etc. Again, the pattern classifier preferably detects whether
the patient 1s subject to abnormal respiration but does not
necessarily detect individual episode of abnormal respiration.
As already, explained, the pattern classifier can instead be
trained to 1dentity individual episodes ol abnormal respira-
tion. The severity of abnormal respiration within the patient
may then be determined at step 1326 and appropriate therapy/
warnings delivered, 11 warranted.

Although the training techniques described herein employ
an external training system, training may instead be per-
tformed within the pacer/ICD, if so equipped. In other words,
the pacer/ICD may be provided with a pattern classifier not
yet trained (or only partially trained). Following device
implant, the pacer/ICD then trains its pattern classifier using
IEGM signals sensed by the pacer/ICD along with signals
from another (non-pattern recognition-based) apnea detector.
Examples of non-pattern recognition-based apnea detectors
are described in U.S. patent application Ser. Nos. 10/883,857
and 10/821,241 cited above.

The various techniques of FIGS. 28-34 may be imple-
mented within any appropriate implantable medical device.
The techniques are preferably performed substantially 1n
real-time to promptly detect episodes of abnormal respira-
tion. However, the techmques may instead be applied to
stored IEGM data to detect episodes of abnormal respiration
that have already occurred. Moreover, principles of the inven-
tion are also applicable to external devices when used in
conjunction with implanted devices. For example, an external
programmer device may be equipped to detect abnormal res-
piration within a patient based on IEGM data sensed by a
device implanted within the patient and sent via telemetry to
the programmer for processing.

For the sake of completeness, an exemplary pacer/ICD
employing components for implementing the techmques of

FIGS. 28-34 1s illustrated 1n FIG. 35. Most of the components
of the pacer/ICD of FIG. 35 are the same as that of FIG. 17 and
will not be re-described. Only pertinent differences will be
discussed. Pacer/ICD 1400 of FIG. 34 includes a microcon-
troller 1460, which incorporates a cardiac rhythm-type deter-
mination unit 1402 operative to determine a current cardiac
rhythm type of the patient; a cardiac cycle detection unit 1404
operative to 1dentily cardiac cycles within the electrical sig-
nals; a morphological parameter detection unit 1406 opera-
tive to detect one or more morphological parameters associ-
ated with the cardiac cycles; an interval-based parameter
detection unit 1408 operative to detect one or more 1nterval-
based parameters associated with the cardiac cycles; a pattern
classifier 1412 trained to discriminate, at least, between nor-
mal and abnormal respiration based on the parameters asso-
ciated with the cardiac cycles; and an abnormal respiration
detector 1410 operative to detect abnormal respiration by
applying the parameters of the cardiac cycles to the pattern
classifier 1412. These microcontroller components may be
provided 1n addition to the various microcontroller compo-
nents shown in FIG. 17, which are not repeated within FIG.
35. Some of these components (particularly the pattern clas-
sifier) may alternatively be implemented within external pro-
grammer 702 and/or bedside monitor 22 for discriminating
normal respiration from abnormal respiration within the
patient based on data detected within the patient and trans-
mitted via telemetry circuit 700.

What have been described are various systems and meth-
ods for tracking respiration, detecting episodes of abnormal
respiration and delivering therapy 1n response thereto using
an 1mplantable system controlled by a pacer or ICD. How-
ever, principles of the invention may be exploiting using other
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implantable systems or in accordance with other techniques.
Thus, while the invention has been described with reference

to particular exemplary embodiments, modifications can be

made thereto without departing from the scope of the inven-
tion.

What 1s claimed 1s:
1. A method for detecting abnormal respiration using an
implantable medical device, the method comprising:
sensing cardiac electrical signals within a patient 1n which
the device 1s implanted;
determining a cardiac rhythm type of the patient;
identifying cardiac cycles within the electrical signals;

detecting one or more parameters associated with the car-
diac cycles and as a function of the cardiac rhythm type;
and

detecting abnormal respiration by applying the parameters
of the cardiac cycles to a device trained to discriminate
between normal and abnormal respiration for the cardiac

rhythm type.

2. The method of claim 1 wheremn detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the trained device 1s performed to discriminate between nor-
mal respiration and apneic/hypopneic respiration.

3. The method of claim 1 wheremn detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the trained device 1s performed to discriminate among normal
respiration, obstructive apneic/hypopneic respiration and
central apneic/hypopneic respiration.

4. The method of claim 1 wherein detecting one or more
parameters includes detecting interval-based parameters
associated with the cardiac cycles.

5. The method of claim 4 wherein the interval-based
parameters include one or more of R-R, P-R, P-P and QT
intervals.

6. The method of claiam 1 wherein the morphological

parameters imclude one or more of vPPI, tPDI, aPDI, fIPDI,
and {IitPDI.

7. The method of claim 1 wherein detecting parameters
associated with the cardiac cycles includes extracting time-
domain features from the parameters, the time-domain fea-
tures being applied to the trained device.

8. The method of claim 7 wherein the time-domain features
include mean and standard deviations of the parameters.

9. The method of claim 1 wherein detecting parameters
associated with the cardiac cycles includes frequency fea-
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tures from the parameters, the frequency-domain features
being applied to the trained device.

10. The method of claim 1 wherein detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the trained device further includes evaluating a severity of
abnormal respiration.

11. The method of claim 1 wherein detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the trained device 1s performed by applying only those param-
eters detected within a particular epoch of time.

12. The method of claim 1 further including detecting
whether the patient 1s asleep and wherein detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the tramned device i1s performed only using parameters
detected while the patient 1s asleep.

13. The method of claim 1 wherein the implantable device
1s equipped to perform one or more of bi-ventricular and
bi-atrial sensing and wherein detecting abnormal respiration
1s performed by applying parameters dertved from cardiac
cycles extracted from one or more of bi-ventricular and bi-
atrial cardiac signals to the device trained to discriminate
between normal and abnormal respiration.

14. The method of claim 1 wherein detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the trained device 1s performed to discriminate between
patients with substantially normal respiration and patients
subject to abnormal respiration.

15. The method of claim 1 wherein detecting abnormal
respiration by applying the parameters of the cardiac cycles to
the trained device 1s performed to detect individual episodes
of abnormal respiration.

16. A system for detecting abnormal respiration using an
implantable medical device having a device trained to dis-
criminating between normal and abnormal respiration, the
system comprising:

means for sensing cardiac electrical signals within a patient

in which the device 1s implanted;

means for determining a cardiac rhythm type;

means for identitying cardiac cycles within the electrical

signals;

means for detecting one or more parameters associated

with the cardiac cycles and as a function of the cardiac
rhythm type;

means for discriminating between normal and abnormal

respiration using the parameters of the cardiac cycles.
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